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Abstract
The growing environmental impact of plastic waste has led to extensive research
into the life-cycle of polymeric materials. Reduction in the build-up of commod-
ity plastics, such as poly(ethylene terephthalate), has been a hot topic. However,
recycling poly(ethylene terephthalate) requires energy intensive conditions and fur-
ther purication to obtain the starting material phthalic acid after polyconden-
sation. Advances in monomer design have expanded the range of biodegradable
polymers accessible to mimic the properties of commercial plastics, whilst giving
the advantage of greener recycling methods. Benzodioxepinones with varying meta-
substituents were subjected to ring-opening polymerisation, using an aluminium
salen catalyst to aord a series of novel aromatic-aliphatic polyesters. The poly-
merisation, catalytic degradation, and thermal behaviours of the polyesters were
explored along with their crystallographic structure. The characteristic degradation
of poly(2-(2-hydroxyethoxy))benzoate back to its cyclic monomer, through exploita-
tion of the monomer-polymer equilibrium, outweighed the poor thermal properties
(Tg (27 ◦C)) of the polyester. The unique degradability and thermal properties
of this polyester gave potential as use in copolymers and blends with poly(lactic
acid). Copolymerisation with poly(lactic acid) improved the thermal properties of
poly(2-(2-hydroxyethoxy)benzoate) and introduced UV-vis absorbing properties to
poly(lactic acid). The copolymers were shown to catalytically degrade, via the use
of aluminum salen complexes, and enzymatically degrade, via proteinase K. Altering
the electron donating and withdrawing properties of the meta-substituents from hy-
drogen has been shown to tune the rate of degradation and the thermal properties
and stability of the polyester. The polymerisation and depolymerisation kinetics
i
showed faster rates for electron withdrawing groups with selective depolymerisation
back to their cyclic monomers in 10 minutes at 110 ◦C. The thermal characteri-
sation showed varying glass transition temperatures from 29.7 ◦C to 60.7 ◦C, with
electron withdrawing groups exhibiting higher values. An increase in the melting
temperatures and the thermal degradation activation energies of the polyesters were
also observed. The tunability and characteristics of this class of aromatic-aliphatic
polyesters gives insight into replacing commodity plastics with polyesters that have
the ability to be recycled selectively back to their monomers, thus minimising the
amount of starting material required to reprocess the plastic.
ii
Lay Summary
The increasing environmental impact of plastic waste has led to research into the
possibilities of biodegradable plastics. Poly(ethylene terephthalate) is widely used in
plastic bottles and packaging due to its excellent properties. However, poly(ethylene
terephthalate) requires harsh conditions to be fully recycled back to its original
starting material, without contributing to greenhouse gases. Therefore, exten-
sive research is being done to replace plastics such as poly(ethylene terephtha-
late) with greener alternatives. The starting materials of the greener alternatives
have been carefully designed to give a series of plastics with dierent properties
and dierent chemical reactivities. The chemical structure of the plastic poly(2-
(2-hydroxyethoxy))benzoate was modied to monitor how change in the structure
would aect the properties. In addition, the chemical reactivity of the modications
were studied to monitor the eect of modication on the degradation of the plastics
through chemical and enzymatic degradation. Poly(2-(2-hydroxyethoxy))benzoate
was also combined with the commercially available plastic poly(lactic acid) to im-
prove its properties. The tunability and properties of the synthesised plastics give
insight into replacing commercially available plastics with greener alternatives that
have the ability to be recycled selectively back to their starting materials and thus
minimising the amount of starting materials required to reprocess the plastic.
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A plastic is a type of material that is typically synthetically synthesised and has
the ability to be moulded into various shapes above a certain temperature and the
capability to hold that shape when cooled back down. Plastics are dened by their
characteristic ability to deform irreversibly without breaking. Research and manu-
facturing of plastics has been on an exponential incline since the early 19th century.
Originating from the accidental discovery of polystyrene, through distillation of
storax resin obtained from Sweetgum tree, by Eduard Simon in 18391 and the acci-
dental synthesis of poly(vinyl chloride) by Eugen Baumann in 1872.2 It wasn't until
the early 20th century the rst ever fully synthetic plastic was introduced.3 Bake-
litewas synthesised by Leo Baekeland in 1907 through polycondensation of phenol
and formaldehyde.4 The facile synthesis of Bakelite made it ideal for industrial scale
production. Bakelite was extensively produced due to its ability to be moulded for a
wide range of applications, in addition to its electrical insulating and heat resistance
properties.4 The versatility of synthetic and natural plastics observed through the
20th century has led to the reliance of plastics in modern society. Plastics have be-
come a foundation to performing everyday tasks, from polyethylene in carrier bags
to polystyrene and poly(ethylene terephthalate) (PET) in packaging and disposable
cutlery.5,6
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The driving force behind the increase in production and use of plastics is the
characteristic ability to adapt them to a range of applications by exploiting the
synthetic pathways to tune the thermal and mechanical properties. Plastics can
behave as a glassy solid with a rigid body below a certain temperature, denoted as
its glass transition temperature (Tg), and behave rubber-like with the ability to be
molded or shaped above that temperature. The Tg inuences the ability of a plastic
to take strain when subjected to stress. Above the Tg the plastic is typically able to
withstand more strain than below the Tg.7 The facile tuning of the Tg, along with
the mechanical properties, through selection and design of the starting materials,
have increased the scope of applications for plastics.
Figure 1.1: Modied graph of the plastic production since 1950.8
The global production of plastics from the 1950's to 2016 has rapidly increased
from 2 million tonnes to 380 million tonnes (Figure 1.1).8 The attractiveness of
plastics is rapidly being oset due to the increased awareness of the impact plastics
can inict on land and aquatic ecosystems due to their lack of degradation into
carbon dioxide, water, methane and other simple organic molecules.9 Over a period
of 65 years approximately 8300 million tonnes of plastics have been produced, with
only 9% recycled into single-use items; 12% incinerated, contributing signicantly to
global warming through emission of methane gas; and 60% deposited into landll.9
In addition, marine life is suering due to plastic contributing to 70% of total litter
deposited in the ocean.10 The expectation by 2050 is that the amount of plastic in
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landll or in marine ecosystems will reach 12 billion tonnes.9 This is an alarming
gure and is detrimental to the environment unless the concern of production and
degradation of plastic is addressed.
The recycling and reprocessing of plastics to obtain identical or similar thermal
and mechanical properties to the original material is ideal to prevent single-use plas-
tics. However, this is challenging due to the method of separation of plastics. The
process of melting and extruding removes the original morphology and properties
of the plastic and typically leads to inferior properties if repeated.11 This is further
aected by the presence of other plastics acting as impurities and therefore sepa-
ration of plastics by type is ideal. Separation methods exist in industrial sites and
work by exploiting the hydrophobicity, mass, density, and functionality of plastics.
However, this is an energy intensive and inecient process.12
The European Union targets approved in April 201813 to recycle 50% of plas-
tics produced by 2025 and 55% by 2030, are being implemented.14 This will not
only drive industry to increase their eciency in separation and recycling but also
discourage deposition of plastics into landll and marine ecosystems.
Despite the current methods of separation and the advances in recycling targets,
the forever increasing demand for plastics along with their diminishing thermal and
mechanical properties per cycle of reprocessing has led to extensive research into the
life-cycle of biodegradable polymeric materials.15
1.2 Biodegradable Polymers
Polymers that eventually degrade into natural by-products such as CO2 and H2O
are classed as biodegradable irrespective of the origin of the starting material.16,17
Degradation is not limited to microorganisms or enzymes but also includes chem-
ical18, thermal19, photolytic20 and hydrolytic degradation21. In addition to the
naturally occurring biodegradable polymers such as proteins, polysaccharides and
poly(hydroxyalkanoate)s;17,22 synthetic biodegradable polymers predominantly con-
tain amide, ether and ester linkages in their backbone.23 Polyesters have received
great interest due to their characteristic ability to be degraded through hydrolytic
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cleavage of the ester linkages.24 Their limited thermal and mechanical properties are
outweighed by their reduced environmental impact, non-toxic degradation products
and potential to be functionalised.25,26
Polyesters are separated into two subclasses, aliphatic polyesters and aromatic
polyesters. Aliphatic polyesters, such as poly(β-hydroxy acid) or poly(lactic acid)
(PLA), contain no aromaticity in the polymer backbone. Aromatic polyesters on
the other hand do and the widely used PET is a classic example of an aromatic
polyester.27
Scheme 1.1: Condensation reaction between a diol and dicarboxylic acid to af-
ford dimers with subsequent condensation reactions to form trimers, tetramers and
oligomers.28
Traditional polyesters were obtained by polycondensation, a subclass of step-
growth polymerisation. Step-growth polymerisation allows the reaction of two bi-
functional monomers containing nucleophilic (diol) and electrophilic (dicarboxylic
acid) components.29 These monomers react, expelling water, to form a dimer, which
then reacts with another dimer to form a tetramer or with another monomer to
form a trimer. The trimers and tetramers can subsequently react with unreacted
monomers, dimers, trimers or tetramers to eventually form oligomers and polymers
(Scheme 1.1).27,30 In order to drive the reaction to form polymers it was found that
the elimination of water was vital, either through distillation under vacuum or spe-
cialist equipment such as the Dean-Stark apparatus.31 Challenges with achieving
high molecular weights were observed due to the poor degree of polymerisation.
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This is determined by the Carothers equations (1.1 and 1.2), where Xn is the num-
ber average value of the degree of polymerisation, p is the extent of polymerisation,
N0 is the amount of monomer in moles and N is the amount of monomer left after
a certain time in moles.32 Furthermore, broad molecular weight distributions (poor
dispersity) are observed due to the random nature of the polycondensation. This re-
ects in the thermal and mechanical properties of the resultant polymers and hence









Scheme 1.2: Initiation and propagation at the active chain end.
An alternative type of polymerisation is chain-growth polymerisation, which un-
like step-growth where any molecule can react, only permits the reaction at the
active chain end of one molecule. Chain-growth polymerisation occurs through ini-
tiation to generate a reactive species, followed by propagation leading to growth
of the chain. The polymerisation is terminated when the active site is quenched
(Scheme 1.2). This leads to the molecular weight of the resultant polymer increas-
ing rapidly at low monomer conversions compared to step-growth polymerisation.29
Research into well-controlled polymerisation techniques, utilising chain-growth poly-
merisation, have been widely explored. Ring-opening polymerisation (ROP) is a
particular subset of chain-growth polymerisation that has sparked great interest.
ROP utilises the ring strain of cyclic monomers to produce higher molecular weight
polyesters with narrow dispersities with the additional advantage of being functional
group tolerant.35,36 Dispersity ( D) is the measure of the molecular weight range of a
polymeric material. It is ratio of the weight average molecular weight (M w) and the
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number average molecular weight (M n) (Equation 1.3). M w and M n are derived
















Polyesters derived from ROP of cyclic esters have been widely used as biomed-
ical37, agricultural38, pharmalogical39 and ecological40 plastics. The mechanistic
approach of ROP is typically governed by the type of catalyst present in the system
but can also be inuenced by the type of initiator and monomer present. Extensive
research into catalytic design has allowed access to well-controlled higher molecular
weight polyesters with potential for functionalisation.
1.3 Ring-opening Polymerisation
ROP is considered to be a type of living polymerisation where termination by the
coupling of two growing chains in typical chain growth polymerisation does not
occur. Termination in the case of a living polymerisation is a result of two factors,
the source of monomers is depleted, or the reaction is externally quenched. The
molecular weight of the resultant polymer can be controlled through the ratio of
initiator to monomer, where a large amount of monomer or small amount of initiator
would lead to a higher molecular weight as a result of fewer reactive end chains
resulting in longer chains. Addition of further monomer to the reaction vessel would
continue propagation without termination. This characteristic can be exploited
to aord various architectures of polymers including gradient, random and block
copolymers. ROP has the potential to expand the monomer scope to access a range
of polymers with characteristic properties.41
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There are several sub-classes of ROP which are denoted by the type of cata-
lyst present in the system. Cyclic esters (lactones) such as lactide, β-butyrolactone
(β-BL), ε-caprolactone (ε-CL) and glycolide, as well as cyclic carbonates and cyclic
phosphoesters are well known to undergo ROP either via anionic, cationic or coordination-
insertion depending on the nature of the catalyst (Scheme 1.3).42
Scheme 1.3: Examples of cyclic esters (lactones).
Organocatalysts were widely explored and further developed in ROP due to
their commercial availability and tolerance to bench conditions. Organocatalysts
exploit dierent mechanistic approaches to ROP based on their chemical properties.
Organocatalysts that act as Brønsted acids undergo cationic ring-opening polymeri-
sation (CROP) and those that act as Brønsted bases undergo anionic ring-opening
polymerisation (AROP).43
In CROP, positively charged ions or acids activate the monomer to initiate poly-
merisation44 via transfer of a proton to the monomer to generate an electrophilic
centre (Scheme 1.4).41 Common Brønsted acids include dry HCl, H2SO4, carboxylic
acids, sulfonic acids, and phosphoric acids.45
Scheme 1.4: Brønsted acid initiation with a positively charged intermediate.41
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In contrast, the initiation step in AROP is attributed to the deprotonation of the
initiator, thus aording a nucleophilic centre.44 The position at which ring-opening
of the cyclic systems occurs depends upon the substituents attached to the sys-
tem as well as the catalyst (Scheme 1.5).41 A wider range of Brønsted bases, such
as N-heterocyclic carbenes, have been explored due to their exceptional catalytic
activity.43 However, Brønsted bases have the potential to contribute to transesteri-
cation due to their basicity and the exposed negative charge on the active chain-end
if the reaction is not monitored.
Scheme 1.5: ring-opening of a cyclic system with a negatively charged initiator.41
Another category of catalysts are metal-based Lewis acid catalysts. These cat-
alysts can be easily regenerated, however are relatively sensitive depending on the
nature of the metal centre used. Certain metal centres are deactivated by oxygen
and water thus require anhydrous and inert experimental conditions.41 Lewis acid
catalysts were discovered to undergo a coordination-insertion ring-opening polymeri-
sation via three steps (Scheme 1.6).46,47 The Lewis acid alkoxide (the metal centre
already bound to the alcohol initiator) coordinates to the carbonyl oxygen of the
monomer. The carbonyl undergoes nucleophilic attack by the metal-alkoxide bond
followed by the bond cleavage of the C-O bond opening the cyclic ester. The Lewis
acid catalyst can then be cleaved from the chain end by simple displacement of
the metal-alkoxide bond by another OR group such as methoxy from methanol.48
Traditional early Lewis acid catalysts such as tin(II) octanoate (Sn(oct)2) or early
aluminium alkoxides such as AlEt3/H2O49,50 and Al(OiPr)3 51 have limitations due
to their toxicity.52
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Scheme 1.6: Coordination-insertion mechanism using a metal-based Lewis acid cat-
alyst.46
Sn(oct)2 was among the rst catalysts to provide control over ROP,53 demon-
strating excellent catalytic activity, giving high conversions and producing high
molecular weight polymers. Sn(oct)2 is stable and highly soluble in organic solvents,
however the challenge in removal from the resultant polymer and its toxicity raises
concerns. In addition, limited monomer scope, high experimental temperatures and
tendency for transesterication has led research into alternative catalysts.54
Organocatalysts such as 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD), 1,8-diazabicyclo
[5.4.0] undec-7-ene (DBU) and thiourea-based bifunctional organocatalysts are known
to be less toxic and can act as super bases to aord polymers in a fraction of time
compared to the early traditional ROP catalysts.55
TBD is a Brønsted base that has an unusual ROP mechanism (Scheme 1.7). It
acts as a bifunctional catalyst that activates the initiator and monomer simultane-
ously via two dierent mechanistic approaches.55 It can either act as a nucleophile
and activate the carbonyl group of the monomer (Scheme 1.7, Mechanism A) or act
as a Lewis acid-base catalyst and form hydrogen bonds with the carbonyl oxygen
of the monomer and the hydroxyl group of the initiator/chain end (Scheme 1.7,
Mechanism B).
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Scheme 1.7: Mechanism A: nucleophilic catalytic mechanism, Mechanism B: acid-
base catalytic mechanism.55
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TBD has demonstrated high reactivity for the ROP of the monomer lactide, af-
fording PLA with conversions above 95% in just one minute at room temperature.43
TBD, being a strong base, has the potential to cause transesterication of PLA and
other polymers if the reaction is not monitored and therefore a balance between
rates of polymerisation and control is vitial. Transesterication results in broader
molecular weight distributions, loss in tacticity and poorer thermal and mechanical
properties. Transesterication is promoted by long reaction times and high reaction
temperatures.55
Transesterication is unfavourable and arises from the reaction of a catalytic cen-
tre on the end of a propagating chain with either a carbonyl along itself (intramolec-
ular) or with a carbonyl on another polymer chain (intermolecular) (Scheme 1.8).
The result of intramolecular transesterication is shorter or cyclic chains and the
result of intermolecular transesterication is polymer chains of dierent lengths and
thus unpredictable molecular weights with a broad dispersity.56
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Scheme 1.8: Intermolecular and Intramolecular transesterication, where M is the
catalyst.56
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Introducing selectivity and minimising transesterication compromises on the
rate of polymerisation. Aluminium-based catalysts have been extensively studied
and developed to demonstrate minimal transesterication with excellent control over
polymerisation.57 The rst ligand based aluminium complex with a single site for
activity was discovered by Spassky in 1989.58 Spassky utilised the aluminium com-
plex, derived from the reaction of the ligand (R)-3,3-dimethyl-1,2-butanediol and
trialkyl aluminium, in the ROP of β-butyrolactone. The polymerisation yielded low
conversions (18%) even after 18 days at 20◦C indicating poor catalytic activity.59
After investigation into the activity, Spassky discovered that the use of a bridged
ligand such as (N,N'-bis(salicylidene)-1,2-ethanediamine) (salen), derived from the
condensation reaction of two equivalents of a substituted 2-hydroxybenzaldehyde
and one equivalent of a diamine (Scheme 1.9),60 improved the polymerisation con-
version up to 70%. However, this was still being considered as low activity compared
to literature catalysts at the time such as Al(OiPr)3. Alternative bridged ligands
such as cyclohexyl and binaphthyl diimine also exist with the disadvantages of trans-
esterication at higher conversions leading to poor control.59,61
Scheme 1.9: Synthesis of salen from the substituted 2-hydroxybenzaldehyde and the
chosen diamine.60
Salen based ligands attached to an aluminium core were further explored by al-
tering the electron withdrawing and electron donating groups on various positions
on the ligand (Scheme 1.10). Gibson screened a wide range of variations of the
salen ligand for the polymerisation of rac-lactide. It was experimentally found that
room temperature polymerisations of both the enantiomerically pure l-lactide and
the rac-lactide were accessible through introduction of electron withdrawing groups
on the salen ligand. Well controlled polymerisations with narrow dispersities were
achieved due to the inhibition of transesterication at lower temperatures. How-
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ever, the rate of polymerisation was extremely low with only 24% conversion after
24 hours.62 Gibson explored the consequences of altering the diimine bridge and elec-
tronic and steric properties of the phenoxide substituents on the polymerisations.
Increasing the size of substituents on the aromatic rings (R3) (Scheme 1.10) led to
the increase in control over tacticity with slower polymerisation rates compared to
the hydrogen substituent. In addition, electron withdrawing groups, such as replace-
ment of tbutyl with chlorine, increased rate of polymerisation and the temperature
range at which they could occur, with the dichloride substituant being the fastest.
The rate of polymerisation followed the trend of tBu< H < Cl < Cl2 for the phenox-
ide substituents.57,63 Changing the nature of the diimine bridge (R1) on the ligand
was also shown to inuence the rate of polymerisation and have tacticity control.
Increasing the length of the bridge by a CH2 group (methine) showed an increase in
rate of polymerisation.64 Further modication to the bridge by replacing the ethy-
lene bridge with either a 2,2-dimethyl substituted propylene linker or a phenylene
group showed a dramatic increase to the rate of polymerisation. Gibson concluded
that the length of the linker determined the exibility and accessibility of the metal
coordination sphere to the respective initiator and monomer for ROP.62 Al[salen]
along with [salan], where in salan the diamine bridge is replaced with a diimine
bridge, were further explored by the Shaver group.64 Further study on the basic
ligand frame work of salen gave insight to the point of saturation of the catalyst,
showing that that high molecular weight PLA was achievable where the catalyst
would only be saturated if 1000 equivalents of monomer was present.64 The Shaver
group investigated the monomer scope of these catalysts starting with lactide, ε-CL,
and β-BL. Although previous polymerisations of β-BL with Al[salen] had shown
poor conversions, the tBu substituted Al[salen] showed excellent conversions with
tolerance to a range of solvents and temperatures, for up to 500 equivalents of β-
BL. The same catalyst is able to polymerise ε-CL, in under 15 minutes, and lactide
in three hours, with narrow dispersities.64 Although other variations of Al[salen]
were investigated, in terms of monomer scope, the tBu variation was chosen for the
ROP of our monomers due to the versatility and the ability to have control of the
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polymerisation by altering the time and temperature.
Scheme 1.10: Altering the substituents on an aluminium core to tune polymerisa-
tion.57
1.4 A Closed Loop - Monomer 
 Polymers
1.4.1 Poly(lactic acid)
The transition from lactic acid to lactide as the building block of PLA originated
from Wallace Hume Carothers et al. in 1932 and later patented by Du Pont in
1954.65 It wasn't until the 1990's where l-lactide was subjected to ROP to aord
high molecular weight PlLA, exhibiting potential to replace commodity plastics due
to its characteristic biodegradability, biocompatibility and high mechanical proper-
ties.66 This revolution led to the use of PLA in not only industrial scale packaging
or disposable cutlery but also in the biomedical eld including drug delivery sys-
tems,67,68 tissue engineering and coatings.69
The early synthesis of PLA involved polycondensation of lactic acid under high
temperatures (180-200 ◦C) and low pressures (5 mmHg) to achieve high molecular
weights.70 Upon method development due to the attractiveness of PLA, the cyclic
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diester lactide was used to aord high molecular weight PLA at lower temperatures
and shorter reaction times. PLA originates from harvested corn starch where the
corn is processed to obtain sugars that are fermented via bacteria producing lactic
acid. Lactic acid then undergoes step-growth polymerisation and back biting to
form the cyclic dimer lactide.54 The back-biting process is facilitated through metal
complexes such as Sn, Al, and Zn that form a metal-alkoxide bond with the hydroxyl
group on the end of the oligomer/polymer chain. Due to the equilibrium between
oligomeric PLA and lactide, recrystallisation or sublimation is required to obtain
pure lactide (Scheme 1.11).54,71
Scheme 1.11: Life cycle of PLA, from natural sugars to the widely used polymeric
material.71
Lactic acid has a chiral centre, giving rise to three stereoisomeric forms of lac-
tide. The isomeric forms result in stereoregular polymers that determine the macro-
structure of the resultant PLA (Scheme 1.12). The exception to this is meso-lactide,
which predominately undergoes ROP to from syndiotactic PLA. The tacticity of the
polymer denes the regularity of the orientation of the side groups. An isotactic poly-
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mer has the side groups in the same orientation, a syndiotactic polymer has the side
groups alternating in orientation and an atactic polymer has the side groups with
random orientations. Optically pure PLA derived from either pure l- or d-lactides
give rise to crystalline PlLA or PdLA respectively with melting point temperatures
(Tm) of approximately 180 ◦C and Tg of 60 ◦C.72 As the optical purity decreases to-
wards syndiotactic, atactic or racemic PLA, the crystallinity, Tm and Tg decreases.
For example the Tm and Tg for syndiotactic PLA is 155 ◦C and 45 ◦C respectively.73
Mixing of isotactic PlLA and PdLA to from stereo-complex crystals interestingly
results in a Tm of 230 ◦C.72 Being able to tune the degree of crystallinity increases
the thermal and mechanical range of PLA and thus its application scope.
Scheme 1.12: Stereoisomers of lactide along with the potential macrostructures of
PLA.57
Having control over tacticity starts from the optical purity of the monomer and
the choice of catalyst used. Preference of one isomeric monomer over the other
was observed by Spassky using the binapthylene imine bridge where there was a
strong preference to d-lactide resulting in a gradient stereo block polymer.61 Other
groups expanded on this nding to produce stereo blocks in shorter reactions times.74
The Shaver group investigated the selectivity of ROP of rac-lactide to produce
isotactic PLA using the aluminium salen catalysts and found the opposite to that
of Spassky where l-lactide undergoes ROP faster than d-lactide hence giving rise
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to isotactic PlLA from rac-lactide.75 The Shaver group, along with Chen and co-
workers, underwent further studies to investigate the tuning of the tacticity based
on the type of catalysts used, for example catalyst 3, where R3 = tBu, led to PLA
with 88 % isotactic enchainment (highly isotactic) compared to catalyst 4, where R2
= Benzyl and R3 = tBu, leading to more of a heterotactic PLA (Scheme 1.13 and
Scheme 1.10).75 It was concluded that carefully choosing the catalyst would give
control over tacticity and that tacticity was chain-end controlled where the previous
attached unit would inuence the orientation of the next monomer unit.
Scheme 1.13: Variation of catalysts used to control tacticity of the resultant PLA
polymerised from rac-lactide.76
The advantage of PLA is that degradation is feasible and can include biodegra-
dation through enzymes16, oxidative degradation77, photodegradation78 and hy-
drolytic degradation79. Photodegradation and oxidative degradation are the least
ecient due to the inability of light to penetrate into the soil and the pollution
caused as a result of oxidative degradation. Biodegradation and hydrolytic degra-
dation are more ecient in the case of PLA.80 In this work biodegradation is chosen
to be discussed in more detail as this was the degradation that was carried out
on PLA. Details of the other types of degradation such as hydrolytic degradation
can be found in the review written by Jamshidian et al..81 Biodegradation involves
degradation through microorganisms or enzymes in soil into carbon dioxide, water
and biomass.82
Biodegradation via microbial attack in soil has shown to be extremely slow and
inecient due to the tolerance of PLA to degradation over other biodegradable
material in soil. Therefore, extensive research has been carried out for the isolation
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of microorganisms that selectively degrade PLA. The rst reported microorganisms
to degrade PLA pellets after 14 days were strains of the bacteria actinomycetes such
as Amycolatopsis, by Pranamuda et al. in 1997.83 The strains were predominantly
isolated from soils, rivers and ponds. Through development of molecular biological
techniques with time and better understanding of the specic strains that degrade
PLA, a series of actinomycetes were tabulated and studied for their eciency on
the degradation of PLA by several groups such as, but not limited to, Ikura et al.,
Nakamura et al. and Jarerat et al..8487 Similar studies were done on other bacterial
and fungal strains and these are highlighted in a review written by Qi et al. in
2017.88
Biodegradation by bacteria such as Penicillium roquefort, Fusarium moniliform
and Bacillus brevis are only ecient at degrading oligomeric PLA. However, enzy-
matic degradation of PLA has shown the ability to degrade low molecular weight
polymeric PLA through hydrolases such as the hog pancreatic lipase and carboxylic
esterase.89 Enzymatic degradation of higher molecular weight PLA was rst dis-
covered in 1981 by William et al. through proteinase K, a serine protease from
the fungus Tritirachium album.90 Since then, Oda et al. worked on testing com-
mercially available proteases against PLA and concluded that acidic and neutral
proteases showed poor degradation of PLA due to their sensitivity to pH and tem-
perature.91 The serine proteases such as α-chymotrypsin, trypsin, elastase, in ad-
dition to proteinase K, showed the greatest potential for degradation of PLA. As
with degradation using bacteria and hydrolases, degradation with proteinase K is
dependent on the tacticity (crystallinity) and molecular weight of PLA, as well as
external factors such as temperature and pH. The cycle of degradation is initiated
by binding of the substrate to the active site on the enzyme followed by nucleophilic
attack of the carbonyl, simultaneously with the protonation, and then ended with
hydrolysis of the ester bond (Scheme 1.14).88
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Scheme 1.14: Catalytic mechanism of proteinase K for the degradation of PLA.
Taken from an article published by Qi et al.88 License Number 4514200549705.
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The certainty of biodegradation of PLA, irrespective of the time taken, along
with its renewable source, makes PLA an attractive replacement for commodity
plastics. However, challenges exist in the application of linear chains of PLA in
the biomedical and pharmacological eld because in vitro and in vivo degradation
rates are often not well controlled, bioactive loading is low, and products have a
high hydrophobicity.92 In addition, challenges of obtaining biodegradable polyesters
with optimal thermal and mechanical properties values has led to research into
introduction of branching and functional groups.
1.4.2 Polystyrene and Potential Alternatives
The inexpensive polystyrene has been developed as an everyday polymer due to its
excellent thermal and mechanical properties. Polystyrene has a Tg of 107 ◦C and a
Tm of 240 ◦C making it rigid at room temperature with a Youngs modulus of 3.73
GPa and thus it is particularly useful in protective packaging, hot drink cups, and
disposable plates.93,94
Polystyrene is derived from the commercially available and inexpensive monomer
styrene. Styrene is the product of a three-step synthesis, involving acetylation of ben-
zene with acetic anhydride, reduction of the acetyl group to phenylmethyl carbinol
(1-phenylethanol) with sodium borohydride and dehydration of the phenylmethyl
carbinol with potassium hydrogen sulphate. Styrene is then reuxed between 80 -90
◦C in the presence of the radical initiator, dibenzoyl peroxide, to aord polystyrene
through free radical polymerisation (Scheme 1.15).95
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Scheme 1.15: Synthesis and polymerisation of styrene to aord polystyrene, modied
from the paper published by Wilen et al.95
The main disadvantage of polystyrene is its extended life time and inability
to easily degrade, causing accumulation in the environment. Thermal degradation
studies have been carried out by a process known as cracking. The cracking process
takes place in the liquid phase at temperatures above 390 ◦C and contributes to pol-
lution due to the degraded products being released as volatiles. Long term studies
on the biodegradation of polystyrene has been reported by Otake et al., concluding
that after 32 years of polystyrene sheets embedded into soil, no degradation was ob-
served.96 Blends and copolymers of polystyrene have been shown to degrade in con-
trolled conditions over 6 months with isolated microorganisms, however polystyrene
degradation in natural environments such as soil and landll remains a concern.6
Baker and his group were pioneers in the research of achieving a biodegradable
polymer with a Tg similar to that of polystyrene. Baker's early work focused on
the simple substitution of the methyl group in PLA, demonstrating a dramatic in-
crease in the thermal and mechanical properties of the resultant polymer.92 It was
shown that introduction of a benzyl group slightly increased the Tg of the resultant
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polymer to 50 ◦C. The methylene group linking the aromatic ring to the polyester
backbone provided exibility and inhibited a further increase in Tg. Further research
was carried out to remove this CH2 group to provide a more restricted polyester,
polymandelide, originating from cyclic L-mandelide (Scheme 1.16). The polymer
shared many thermal and mechanical properties with polystyrene.93,97 Obtaining
high molecular weight isotactic poly(mandelide) with a Tg of 100 ◦C proved challeng-
ing due to the α-proton (on the same carbon as the phenyl ring) in the monomer be-
ing susceptible to racemisation under basic conditions.92 Extension of this work was
carried out by Buchard et al. to aord isotactic poly(mandelide) under milder con-
ditions from a cyclic O-carboxyanhydride (l-manOCA). A pyridine-mandelic acid
adduct was used as an organocatalyst to ensure retention of stereochemistry. It was
found that reducing the basicity of the catalyst produced isotactic poly(mandelide)
with a Tg of 105.5 ◦C.98 The work carried out by Baker and Buchard et al. showed
potential, with room for improvement.
Scheme 1.16: Introducing an aromatic ring pendent to the polymer backbone to
aord a polystyrene mimic.92,98
Shaver et al. developed a greener alternative to isotactic poly(mandelic acid)
with the renewable, ve membered 1,3-dioxolan-4-ones (DOX). A series of DOX
monomers were synthesised and subjected to ROP using metal-based and organocat-
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alysts. Of interest in this text is the phenyl substituted DOX (PhDOX), racemic
and enantiomerically pure monomers were synthesised via the Dean-Stark appara-
tus at 110 ◦C over 6 hours from the reaction between their parent α-hydroxy acid,
paraformaldehyde and p-toluenesulfonic acid in benzene. After work up and distil-
lation, the respective monomers were subjected to ROP using the aluminium salen
catalyst to yield, in the case of R- or S-PhDOX, isotactic poly(mandelic acid) in the
absence of the expensive and toxic diphosgene.99
ROP of mandelide and PhDOX to aord poly(mandelic acid) as a biodegradable
and recyclable polymer that mimics the thermal properties of polystyrene has been
successfully achieved, however does not mimic the core structure of polystyrene.
The CH2 group, along with the pendent aryl group, in polystyrene can be retained
through the ROP of four membered cyclic esters (lactones). The lactones pose
synthetic challenges due to its characteristic ring strain, however, this ring strain
allows the synthesis of otherwise inaccessible polyesters.
1.4.3 Poly(ethylene terephthalate)
PET is an aromatic polyester with the aryl ring along the polymer backbone. Its
uses since it was rst patented in 1941 by John Whineld and James Dickson, and
trademarked as Mylar in 1951,100 have exponentially increased from packaging, such
as bottles to replacing steel and aluminium in electronic components. PET has ex-
ceptional thermal and mechanical properties, with a Tg of 69 ◦C, a Tm of 260 ◦C
and a Youngs modulus of 1700 MPa. The excellent thermal and mechanical prop-
erties similar to polystyrene are attributed to the aryl ring providing rigidity to the
polymer chains, preventing free rotation and along with intramolecular interactions,
such as the inherent π-π interactions with aryl rings, leading to a greater degree of
packing and crystallinity.101,102
Industrial synthesis of PET involves the reaction of ethylene glycol and tereph-
thalic acid at 240-260 ◦C and 3-5 bar to aord bis(2-hydroxyethyl) terephthalic acid
(BHET). BHET then undergoes transesterication with other BHET molecules at
250-280 ◦C and 0.02-0.03 bar whilst eliminating ethylene glycol to aord oligomeric
24
PET. This is further reacted via polycondensation to aord polymeric PET at 200-
240 ◦C and 1 bar (Scheme 1.17). The energy consuming conditions required to aord
PET is overlooked due to the accessibility of the relatively inexpensive starting ma-
terials.101
Scheme 1.17: Production of PET via BHET at temperatures above 200 ◦C and
below 5 bar of pressure, modied from the paper published by Webb et al.101
The thermal and mechanical properties, in addition to the inexpensive starting
materials, makes PET attractive for a wide range of applications and this comes
with a cost. According to the European plastic demand, approximately 3.5 million
tonnes of PET is in demand, which comprises a total of 7.4 % of total plastics in
2016. Since 2006 Europe have reduced the amount of plastic reaching landll by
43 % and increased the amount recycled by 80 %. Although this is promising, the
demand for plastics is still on the rise with the waste being collected increasing.
Plastics at the end of their use are either deposited into landll, where they remain
for over 20 years, incinerated, to release toxic carbon and oxygen based free radicals
and greenhouses gases into the atmosphere, or recycled.103
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Similar to PLA, the recycling process can include various categories of degra-
dation with the most common in the case of PET being thermal, chemical and
hydrolytic degradation. Thermal degradation occurs at high temperatures in an
inert atmosphere through the formation of vinyl ester and carboxyl end groups via
random scission of the ester linkages. The vinyl ester end groups then undergo trans-
esterication to aord acetaldehyde via the vinyl alcohol and shorter PET chains.102
Chemical degradation is divided into the following commercial processes: methanol-
ysis, glycolysis and hydrolysis, with other processes reported. Methanolysis is the
degradation of PET via methanol in a three-step process involving temperatures
above 190 ◦C and an autoclave with pressures of 0.3 MPa to aord dimethyl tereph-
thalate and ethylene glycol. The second most commercially used degradation process
is glycolysis, which involves degradation of PET at 190-240 ◦C and 0.1-0.6 MPa via
ethylene glycol. Hydrolysis of PET is the third most common and aords tereph-
thalic acid and ethylene glycol via either acidic conditions such as phosphoric, nitric
acid or sulfuric acid, alkaline conditions such as sodium hydroxide or neutral condi-
tions with steam or water. All three processes require corrosive reagents or relatively
high temperatures.102,104
Due to the increasing demand for PET and the need to eciently recycle plastics,
studies into the degradation of PET have led to the discovery of the enzyme PETase
in 2017 by Han et al..105 The serine proteases have been reported to show activity
in the hydrolysis of PET. However, the hydrolysis is not as ecient for PET due to
it being structurally dierent to the other polyesters that t in the enzyme active
site.105 The discovery of PETase originated from the isolation of a strain of bacteria,
Ideonella sakainsis 201-F6, in 2016 by Yoshida et al.106 Through screening studies
it was concluded that I. sakaiensis was vital for PET degradation, with it showing
the highest activity for degradation at 30 ◦C for 18 hours, releasing predominantly
mono(2-hydroxyethyl) terephthalic acid (MHET) with trace amounts of terephthalic
acid and BHET. I. sakaiensis attaches to PET and releases PETase for degradation
which was conrmed through expression studies where transcription of the PETase
coding gene was highest when I. sakaiensis was attached to a PET lm. Enzymatic
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degradation is inuenced by the degree of crystallinity and chain mobility.106 Han
et al. further studied this enzyme to gain mechanistic and structural information.
The proposed catalytic mechanism of PETase involves predominately the amino
acid tryptophan (W156) which is adjacent to catalytic triad, serine-histidine-asparagine
(S131-H208-D177), all found on the protein surface. H208 acts as a base, stabilised
by the acid D177, to polarise the nucleophile S131. Upon substrate (PET) binding,
W156 xes the position of the substrate through T-stacked π-π interactions with
the rst benzene ring whilst the carbonyl group undergoes nucleophilic attack from
the catalytic triad, the intermediate being stabilised by the oxyanion hole. The re-
lease of the hydrolytic product leaves a more planar substrate which undergoes the
stronger sandwich π-π interactions before it is released (Scheme 1.18).105
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Scheme 1.18: Catalytic mechanism of PETase proposed by Han et al. in Nature
Communications in 2017. Scheme taken from the communication.105
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Early studies of PET degradation through PETase showed almost complete
degradation after 6 weeks of incubation of the PET lm with the enzyme at 30
◦C. Austin et al. utilised the previous studies on PETase to engineer an enzyme
with a double mutant PETase to show a slight increase in performance compared
to the wild type, PETase. The degradation eciency was compared with regards
to the change in crystallinity, where the original study used only a 1.9 % crystalline
sample and this study used a PET sample of 14.8 % crystallinity typically found in
bottles.107
The research conducted by Han et al. and Yoshida et al. sparked great interest
in the PETase enzyme. Seo et al.108 reported in 2019 the successful production of
an extracellular PETase through extracellular translocation using a Sec-dependent
pathway in E.coli. Upon testing the expressed enzyme on PET lms it was concluded
that PETase showed PET-degrading activity.108
The ortho-linked poly(ethylene phthalate) (PEP) has a lower Tg (38.2 ◦C)109 and
a lower degree of crystallinity due to the kinked chain induced by the ortho ester
linkages.110 Even though PEP hasn't made its breakthrough as a commodity plas-
tic, it has advantages as a copolymer (poly(ethylene isophthalate-co-terephthalate))
to alter thermal and mechanical properties of PET.109 While non-industrial ROP
of cyclic PET and PEP oligomers has accessed PET or PEP polymers and copoly-
mers,36 simple monomers remain elusive as feedstocks for PET. Although PET has
desirable manufacturing properties and there have been advances on recycling of
PET with enzymes such as PETase (showing great promise with low crystalline
PET), high temperatures or long reactions times are required.37
1.4.4 Benzodioxepinones
The motivation for synthesis of polyesters that contain aromaticity in the polymer
backbone stems from the excellent thermal and mechanical properties observed for
PET and polystyrene. However, the need for polymers that degrade faster under
milder conditions leads to the research conducted in this thesis. ROP of cyclic
esters containing aromaticity in the polymer backbone is an under-explored area
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and the reason for this is the challenge in the monomer synthesis. Four to ve
membered lactones such as benzpropiolactone, a β-lactone derivative of salicylic
acid and phthalide, have been unsuccessful in ROP due to their stability.111,112
Benzodioxepinones are a class of aromatic cyclic esters containing one phenyl ring
and a seven-membered ring with a carbonyl and two oxygen atoms. The benzodiox-
epinones, 2,3-dihydro-5H-1,4-benzodioxepin-5-one (2,3-DHB), was explored by Mac-
Donald et al. due to its commercial availability and facile synthesis (Scheme 1.19).113
MacDonald et al. screened the ROP of 2,3-DHB with various catalysts and showed
that Sn(oct)2 gave no conversion of 2,3-DHB to poly(2-(2-hydroxyethoxy)benzoate)
(P2HEB) at 70 ◦C and low conversions of 58-61 % at 120 ◦C for 3 to 6 hours re-
spectively. ROP using Sn(oct)2 suggested transesterication which increased with
reaction time as evident by the dispersity after 6 hours being 1.44. To address
the issue with transesterication an aluminium salen catalyst was used, specically
MeAl[salen]. Under the same conditions as with Sn(oct)2, toluene as the solvent at
120 ◦C for 3 hours, the conversion was 56 %, although the dispersity was signicantly
higher at 1.76. Through optimisation it was concluded that a lower temperature and
a high initial concentration of 2,3-DHB was required to reach high conversions. Car-
rying out the polymerisation at 70 ◦C neat or in toluene for one hour increased the
conversion to 64 % and 75 % with dispersities of 1.13 and 1.16 respectively. Further
decreasing the temperature to 60 ◦C minimised transesterication with dispersities
less than 1.09 and conversions over 92 %. The polymerisation at 50 ◦C or room
temperature led to lower conversions than at 60 ◦C but higher than at 70 ◦C with
conversions of 91 % and 80 % respectively.113
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Scheme 1.19: ROP of 2,3-DHB to aord P2HEB via inorganic and organic catalysts.
Depolymerisation was shown to be characteristic of the aluminium salen catalyst.113
Shaver et al. explored the trends observed with lower conversions at higher tem-
peratures and explained it through the monomer-polymer equilibrium. Through
variable temperature NMR scale polymerisation and change in concentration it was
concluded that the rate of depolymerisation (kd) was faster than the rate of poly-
merisation (k p) at higher temperatures and lower monomer concentrations. At 4.1
M for 6 hours at 60 ◦C in toluene the equilibrium shifted to the right with 82 %
monomer conversion. Decreasing the concentration to 0.2 M led to depolymerisation
of the polymer with a conversion of 94 %. This was shown to be reversible whilst
maintaining narrow dispersities of 1.07-1.08.113
This monomer-polymer equilibrium stood true for MeAl[salen] as the catalyst,
however when moving on to organocatalysts such DBU and diphenyl phosphate
(DPP), no activity for the ROP of 2,3-DHB was observed. TBD however, catalysed
the polymerisation to 89 % monomer conversion in just 30 minutes with a disper-
sity of 1.19. It was also noted that concentration did not inuence the equilibrium
in the case of TBD, as subjecting TBD to similar depolymerisation conditions as
MeAl[salen] led to less than 5 % depolymerisation and instead to transesteried
products.113 Preliminary thermal studies were carried out on P2HEB using ther-
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mogravimetric analysis showing thermal degradation at 219.3 ◦C and a Tm at 78.2
◦C.113
MacDonald et al. took the work further by copolymerising P2HEB with PLA
and poly(3-hydroxybutyrate) (P3HB) to form AB block copolymers. Challenges in
forming blocks with PLA were observed due to the monomer-equilibrium where with
P3HB AB block copolymers were successfully synthesised and underwent depoly-
merisation studies to show selective depolymerisation of the P2HEB block.113
1.5 Aims
The research here focuses on developing a system to replace commodity plastics,
whether it be a polystyrene mimic (through synthesis of a β-lactone) or a PET
mimic (through synthesis of a series of novel aromatic-aliphatic polyesters), with
functionalised polyesters that have the ability to be recycled selectively back to
their monomers in a "closed loop" fashion.
The polymerisation and depolymerisation behaviour of P2HEB through meta-
substitution of the benzodioxepinone with electron donating and electron withdraw-
ing groups, in addition to the electronic eects of the meta-substituent on the
thermal transitions, stability and crystallinity of the resultant aromatic-aliphatic
polyesters will be explored to aord a polyester with thermal properties close to
that of PET.
P2HEB will be further utilised to tune the thermal, mechanical and degradation





β-Lactones have been exploited in not only chemical syntheses as intermediates but
also in the pharmaceutical industry and as biodegradable polyesters.114 Synthetic
routes including aldol reactions, [2+2]-cycloadditions, epoxide carbonylations and
complex multi-step reactions exist to aord β-lactones (Scheme 2.1). Aldol reactions
require enantiopure auxiliaries or catalysts to form the enantioenriched β-lactones
through aldol moieties and cyclisation. Although it gives access to a range of prod-
ucts, which are desirable as intermediates for synthesis and industrial process that
are otherwise inaccessible, the chemistry can be costly and is a non-direct approach
to the formation of β-lactones.115
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Scheme 2.1: Synthesis of β-lactones via dierent methods and starting materials.115
[2+2]-cycloadditions of ketenes to carbonyl compounds is an attractive way to
aord β-lactones. Various catalytic systems have been explored to access β-lactones,
however a signicant amount of typically expensive catalysts are required to pro-
duce the β-lactone in respectable yields.115 In the 1990's research was done to ex-
pand the scope of β-lactones by using palladium (Pd) and aluminium catalysts
with high loadings of up to 10 mol %. Tamai et al. were the rst to report
asymmetric [2+2]-cycloaddition of ketenes with aldehydes using the aluminium com-
plex, Al[3,3'-bis(triphenyl-silyl)-1,1'-binapthalene-2,2'-diol-Me3]. Tamai et al. ob-
served deactivation of the catalyst due to acylation of the diolate ligand by the
ketene and therefore investigated other Lewis acids, specically bissulfonamide-
aluminium complexes, with lower pK a's to prevent this deactivation. These catalysts
showed activity for a range of aldehydes and demonstrated higher enantioselectiv-
ity with sterically bulky aldehydes.116 In 1999 Hattori et al. further explored the
potential for Lewis acids to catalyse [2+2] cycloadditions by utilising cationic pal-
ladium(II) complexes, Pd[L2(PhCN)2](BF4)2]. Using the some of the same substi-
tuted aldehydes as Tamai et al., it was shown that with the phosphine ligand, 1,1'-
bis(diphenylphosphino)ferrocene (dppf), the activity increased dramatically with
yields over 97 % with the exception of the tBu showing similar yields.117 Research
to further expand the scope of aldehydes has been done however there has been
limited reports on the synthesis of the phenyl substituted β-lactone, propiolactone,
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due to diculty in isolation. It most cases the isolated product is the 1,3-diol
derivate.116,117
Hmamouchi et al. utilised various areas of chemistry to aord the lactone with
reasonable yield after seven steps and successfully preformed ROP to aord the
polyester, poly(phenyl propiolactone) (poly(PhPL)) in order to study the thermal
and mechanical properties.118 ROP was carried out using a CH3COOK/dibenzo-18-
crown-6-ether complex to yield poly(PhPL) with a range of optical purities (0, 18,
21 and 50 %). It was assumed that the optical purity of the lactone was equivalent
to the optical purity of the polymer. Thermal and mechanical analysis showed that
the crystallinity and Tg were aected by optical purity. Poly(PhPL) of 0 % optical
purity had a Tg of 41 ◦C and a lower degree of crystallinity compared to poly(PhPL)
of 50 % optical purity with a Tg of 50 ◦C .118
An alternative direct approach to the synthesis of β-lactones is carbonylation.
Aumann et al. was the rst to report the successful carbonylation of isoprene oxide
with carbon monoxide (CO) via the [Rh(cod)]Cl2 in 1977.119 Coates et al. exten-
sively studied the eld of carbonylation, using enantioselective catalysts in the form
of [Lewis acid]+[Co(CO)4]- to improve the catalytic range giving higher yields and
selectivities. Through screening and optimisation of catalyst, Coates et al. con-
cluded that the Lewis acid component was vital for regioselectivity and reactivity.
The proposed mechanism (Scheme 2.2) showed the importance of the Lewis acid
in the coordination and activation of the epoxide followed by an SN2 reaction with
[Co(CO)4]- to aord the ring-opened species. The insertion of carbon monoxide to
the C-Co bond followed by migration of the O-M bond for CO-Lewis acid coordi-
nation aorded the β-lactone.114
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Scheme 2.2: Proposed mechanism for the carbonylation of an epoxide using a [Lewis
acid]+[Co(CO)4]- catalyst, modied from the paper published by Coates et al.114
Coates et al. were able to access a wide range of β-lactones through optimised
aluminium salen complexes (Scheme 2.3), such as monosubstituted and disubstituted
β-lactones varying in the carbon chain length as well as more complex substitutions
such as benzyl. Excellent yields of the enantioenriched benzyl substituted β-lactone
were achieved, however proposed the same issue as observed by Baker in his early
work where the methylene group would provide exibility and hinder high thermal
properties.120 Limited research has been reported on the carbonylation of styrene
oxide (to eliminate this exibility) since 1970 due to low yields and diculty in
the isolation of the lactone. Kamiya et al. and Cowell et al. however reported
the carbonylation of styrene oxide using Rh[Cl(CO(PPh3)2)] and Pd[(PPh3)2Cl2]
respectively in 1980.121,122
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Scheme 2.3: Aluminum salen complexes used for the carbonylation of an epoxide to
aord monosubstituted and disubstituted β-lactones.114
Kamiya et al. reported the synthesis of α-phenyl-β-propiolactone via Rh[Cl(CO)
(PPh3)2]. Conditions of carbonylation were screened by varying the CO pressure
from 27.5 to 98 bar, temperature from 60 to 100 ◦C, and time from 2 to 20 hours.
The optimum conditions to obtain isolated lactone were 98 bar CO pressure and
110 ◦C for 20 hours, although with poor yields of 3.2 %. Kamiya et al. observed the
formation of the hydroxy ester along with the β-lactone at elevated temperatures,
thus lowering the yields; this was also the case with other catalysts studied. Two
mechanisms were proposed for the formation of the β-lactone, the rst (Mechanism
A) involving the rhodium catalyst acting as a Lewis acid and the second (Mechanism
B) involving the oxidative addition of the rhodium catalyst to the C-O bond of the
epoxide (Scheme 2.4).121
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Scheme 2.4: Proposed mechanism of carbonylation of epoxides using a rhodium
catalyst, with Mechanism A using the catalyst as a Lewis acid and Mechanism B
manipulating the oxidation state of the catalyst, modied from Kamiya et al.121
Cowell et al. reported an alternative synthesis of β-lactones via halo alcohols
using pallidum catalysts. Through catalyst screening, Pd[(PPh3)2Cl2] was chosen
for the synthesis of α-phenyl-β-propiolactone. The synthesis involved two steps
(Scheme 2.5).122 Styrene oxide was rst converted to the halo alcohol, 2-bromo-2-
phenylethanol, the Pd[(PPh3)2Cl2] catalyst then utilised the halo alcohol to undergo
ligand dissociation and oxidative addition followed by insertion of carbon monoxide
into the palladium-carbon bond to aord α-phenyl-β-propiolactone with yields of
63 %.122
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Scheme 2.5: Proposed mechanism of the formation of β-lactones via halo alcohols,
where X is a halide, modied from Cowell et al.122
Palladium catalysed carbonylation reactions have been studied and developed
over time. However, carbonylative cross-coupling reactions with epoxides were un-
explored until 2013, where Beller et al. reported the synthesis of benzodioxepinones
(Scheme 2.6).123
Scheme 2.6: Synthesis of two benzodioxepinones from styrene oxide and 2-
bromophenol, modied from Beller et al.123
In the attempt to synthesise the benzodioxepinone Beller et al. observed the for-
mation of 2-bromophenoxy-phenyl-ethanol, from the reaction with 2-bromophenol
and styrene oxide using Pd(OAc)2, suggesting the rate-determining step to be the
carbonylation. Through screening of ligands, 2,2'-bis(diphenylphosphino)-1,1'- bi-
naphthyl) (binap) was shown to be most promising for further optimisation. It was
also observed that the use of a base increased the selectivity between the two prod-
ucts with K3PO4 yielding 90 % product with a 90:10 ratio of product 1:2, this was
reversed when using ZnBr2 as the catalyst to a ratio of 15:85 of product 1:2. Beller
et al. synthesised a library of benzodioxepinones by altering the epoxide used.123
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The 3-methyl and 3-phenyl substituted benzodioxepinones were synthesised by the
Shaver group and were subjected to ROP, however were unsuccessful in obtaining
the respective polymers.
An alternative metal-free approach to benzodioxepinone derivatives was reported
by Rose et al. via the use of N-heterocyclic carbenes (NHC). Benzodioxepinones
were products of the cyclisation of their respective meta-hydroxyethoxy benzalde-
hydes synthesised from salicylaldehyde derivatives and 2-chloroethanol. The salicy-
laldehyde derivatives were synthesised via meta-formylation of substituted phenols
through various methodologies.124 Hofsløkken et al. reported the meta-formylation
of a range of substituted phenols using anhydrous MgCl2, triethylamine (TEA) and
a large excess of paraformaldehyde in acetonitrile under reux for 2-4 hours. A clear
trend was observed with the electronic nature of the substituents, where electron
withdrawing groups (EWG) inhibited the reaction and electron donating groups
(EDG) promoted the reaction.125 The mechanism proposed by both Hofsløkken et
al.125 and by Casiraghi et al.126 (Scheme 2.7), involved the phenol being initiated by
TEA giving rise to the salt, phenoxymagnesium chloride. Formaldehyde, the more
reactive species of paraformaldehyde, reacts with the salt through a cyclohexanedi-
ene structural intermediate to produce the magnesium salt of salicyl alcohol as the
major product. This then undergoes a redox reaction with formaldehyde to aord
the salicylaldehyde with the elimination of methanol.125 The meta-hydroxyethoxy
benzaldehydes are then accessed via an SN2 reaction with the salicylaldehyde deriva-
tive and 2-chloroethanol.124
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Scheme 2.7: Proposed mechanism of the ortho-formylation of phenols, modied from
Hofsløkken et al.125
Rose et al. investigated a range of heterazolium salt/base combinations for cycli-
sation meta-hydroxyethoxy benzaldehydes to selectively form the benzodioxepinone
monomer over the dimer. The mesitylene-substituted thiazolium perchlorate with
azobenzene and TEA in THF at 80 ◦C for 20 hours exhibited excellent activity
with 94 % yield and traces of the 14-membered diolide (dimer). Azobenzene and
TEA were found to aid in the cyclisation. Replacing azobenzene with MnO2 re-
duced the yield by 10 %, highlighting the inuence of azobenzene as the oxidising
agent. The benzyl-substituted thiazolium catalyst demonstrated high yields (93 %)
however with slightly less selectivity. This is overlooked due to the facile synthesis
of the catalyst from commercially available 4,5-dimethylthiazole and benzylbromide
in acetonitrile under reux for 24 hours followed by recrystallisation from ethyl ac-
etate. Rose et al. conrmed the catalytic role of the NHCs by control experiments
in their absence to show no conversions. The proposed mechanism of the catalytic
oxidative lactonisation involves the heterazolium derived carbene acting as an acyl
transfer agent followed by oxidation via azobenzene to then undergo cyclisation by
deprotonation of the hydroxy end group and displacement of the acyl transfer agent
(Scheme 2.8).124
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Scheme 2.8: Proposed mechanism for the synthesis of benzodioxepinone derivatives
using a N-heterocyclic carbene.124
Rose et al. synthesised a library of benzodioxepinone derivatives with electron
withdrawing and donating substituents due to their bespoke biological activity in
potassium channels and their application in perfumery.124
The reported benzodioxepinone derivatives have not yet been subjected to ROP
to aord aliphatic-aromatic polyesters, with the exception of the hydrogen substi-
tuted benzodioxepinone, 2,3-DHB.113 The benzodioxepinone derivatives were chosen
to exploit the electronic density, eliminating steric eects, in the aromatic ring on
the rationale that the electron density would inuence the reactivity and thermal
and mechanical properties of the resultant polyester (Scheme 2.9).
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Scheme 2.9: Chosen benzodioxepinone derivatives varying in electronic parameters.
The benzodioxepinone derivatives were chosen upon research into the extent
which the substituent's electronic properties eected the reactivity of the aromatic
ring through the Hammett constant. Louis Plack Hammett, in 1937, quantitatively
studied the eect of substituents on the reaction rate constants through pH titra-
tion curves, using the acidity constants of substituted benzoic acids to dene the
electronic substituent parameter (σ).127
The Hammett equation (Equation 2.1) denes σ from the ionisation constants
of benzoic acid, where KX is the rate constant for an aromatic compound with para
or meta substitution, KH is the rate constant for benzoic acid, and p is the reaction
constant. To solve for σ, the ionisation of benzoic acid at 25 ◦C in water is used as





The constant p is governed by the ability of a substituent to stabilise charge
during the reaction and is inuenced by the type of reaction, solvent and tempera-
ture. Substituents with p greater than 0 stabilise negative charges and are classed
as EWG's whereas substituents with p less than 0 typically stabilise positive charges
and are classed as EDG's. σ correlates with p, where the magnitude of σ denes
the extent of a substituent to be electron withdrawing or donating. σ is positive
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for EWG's and negative for EDG's. The electronic substituent constants have been
determined for substituents meta (σmeta) and para (σpara) to the reactive centre.
This was due to the additional inuence of resonance as well as inductive eects on
the stabilisation of the charges in σpara.129
The Hammett constant is known to inuence reaction rates as well as noncova-
lent interactions such as those between adjacent aromatic rings. Noncovalent inter-
actions, specically π-π interactions, are well known to inuence chemical, thermal
and mechanical properties in addition to the structure and function of a range of
aromatic systems. It has been reported that electron donating substituents, with a
negative σ, cause aromatic π-π stacking destabilisation through pushing of electron
density into the aromatic ring, leading to electrostatic repulsion. On the other hand,
electron withdrawing substituents, with a positive σ, enhance the π-π stacking by
drawing electron density out of the aromatic ring. This is known as the Hunter-
Sanders model and can be correlated to the electronic substituent parameter.130
The Hunter-Sanders model explains the existence of π-π stacking by the in-
teraction of the positively charged σ bond framework with the adjacent negatively
charged π electron density (Scheme 2.11). This explains why out of the four proposed
conformations of π-π stacking, face-to-face is the least stable (Scheme 2.10).130
Scheme 2.10: Typical conformations of π-π interactions in aromatic rings.130
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Scheme 2.11: A proposed oset parallel conformation of two adjacent rings inter-
acting.130
Focusing on the inductive eects of substituents, tuning the group on the meta
position of the reactive centre, based on σ, can inuence the extent of π-π stacking
and lead to tuneable thermal and mechanical properties of the resultant polyesters
and their reactivities.
2.2 Results and Discussion
2.2.1 α-Phenyl-β-Propiolactone
The synthesis of α-phenyl-β-propiolactone via the palladium catalyst, Pd[(PPh3)2Cl2],
was carried out following literature procedure.122 Styrene oxide was reacted with hy-
drobromic acid in chloroform for 30 minutes at room temperature to aord 2-bromo-
2-phenylethanol. The 1H NMR showed traces of impurities and therefore column
chromatography was carried out to obtain a pure sample. This was then reacted in
an ampoule with the catalyst in the presence of hydrazine, to activate the catalyst
through reduction, in dimethylformide (DMF) for 24 hours at room temperature
under 1 bar CO pressure, to saturate the ampoule via a balloon (Scheme 2.12). The
crude mixture was ltered to yield 7.1 % of α-phenyl-β-propiolactone. NMR anal-
ysis of the ltered brown oil showed several peaks in the aromatic region indicating
the oil obtained was impure.
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Scheme 2.12: Reaction steps to aord α-phenyl-β-propiolactone using a palladium
catalyst.
The insucient yield led to the optimisation of the reaction set up. A high-
pressure vessel, Parr reactor, was used in the presence of 100 bar CO. The reaction
yield (9.8 %) indicated no improvement through the adjusted set up. It has been
known for the presence of oxygen or water in air to inuence the reactivity of many
catalysts. For successful carbonylation, CO coordination to palladium requires a
free coordination site; water or oxygen could block this site. Therefore, the reaction
was set up in the glove box, where an inert atmosphere was achieved. 2-bromo-2-
phenylethanol was distilled under vacuum to eliminate traces of water or oxygen
and the catalyst and other reagents were dried under vacuum for 16 hours prior
to cycling them into the glove box. The reaction yield was similar to the previous
reaction set up indicating that the Pd catalyst was more robust that predicted.
The purity of the solvent (through the amount of water present) was also investi-
gated, standard, anhydrous and dried dimethylformide were used. Two consecutive
reactions were performed with one yielding product and the other with no reaction,
where the only dierence was the batches of DMF used. The purity of the solvent
was tested via 1H NMR spectroscopy and showed no traces of impurities, the pH of
the solvent was also tested and showed that the standard DMF was slightly acidic.
Standard DMF was then dried via calcium hydride and distilled before use and
showed an increase in yield (21.4 %). The purity of the lactone was analysed via
1H NMR spectroscopy to show several peaks in the aromatic region, similar as to
before. The crude oil was subjected to ash chromatography using dichloromethane
in attempt to remove the impurities and to yield 14 mg (4.7%) of a yellow oil. 1H
NMR spectroscopy conrmed the yellow oil was pure lactone. The reaction was
repeated several times to obtain sucient monomer for ROP. This indicates that
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under acidic environments the reaction does not proceed, predictably due to the
open form of the lactone being the major product but also counter-acting the base
hydrazine for the activation of the catalyst.
The alternative route to α-phenyl-β-propiolactone using the rhodium catalyst,
Rh[Cl(CO)(PPh3)2], was attempted. The reaction required a higher catalyst load-
ing (2.1 mol%). The oxidative addition reaction between the Rh[Cl(CO)(PPh3)2]
catalyst and styrene oxide in methanol in the presence of carbon monoxide yielded
no product with signs of the starting material observed (Scheme 2.13).
Scheme 2.13: Synthesis of α-phenyl-β-propiolactone via styrene oxide using a
rhodium catalyst.
Accessing α-phenyl-β-propiolactone was challenging due to the reactive hydrogen
atom on the α-carbon.118 The phenyl ring can act as an electron rich source as well
as a point of resonance to stabilise any intermediates. In addition, the electron-
withdrawing eect of the phenyl ring could lower the pK a of the α-hydrogen atom to
20.8. Consequently, addition of a reagent with a pK a higher than 20.8, for example
a strong base, will result in abstraction of the proton leading to by-products.
The electronic and steric eects of the phenyl ring also decreases the basicity
of the hydroxyl group making it less nucleophilic to attack the carbonyl group and
thus closing the ring to form the lactone becomes even more challenging.122 Scaling
up the reaction was not feasible due to the high loading of the expensive catalyst.
2.2.2 Substituted Benzodioxepinones
Monomers 1 to 4 were accessed via a two-step synthesis involving an SN2 reaction
to form the 2-(2-hydroxyethoxy)-5-R-benzaldehydes, which were then subjected to
lactonisation via a thiazolium catalyst (Scheme 2.14).
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Scheme 2.14: Synthesis of substituted benzodioxepinone derivatives using a thia-
zolium catalyst derived from salicylaldehyde derivatives and 2-chloroethanol.
The bromine substituted benzodioxepinone was the rst to be synthesised and
was used to optimise the synthesis for subsequent monomers. 5-bromosalicaldehyde
was reacted with 2-chloroethanol in the presence of sodium hydroxide in water to
form 5-bromo-hydroxyethanol benzaldehyde, with the elimination of hydrochloric
acid. The reaction mixture was stirred at 98 ◦C for 16 hours followed by extraction
with ethyl acetate. The 1H NMR spectrum prior to extraction showed chemical
shifts relating to the starting material and product, however the 1H NMR spectrum
after extraction only showed 5-bromosalicaldehyde; the product was absent in both
the organic and aqueous layer.
The procedure was modied to avoid work-up. The reaction solution after 16
hours was measured to be pH 11, due to the presence of sodium hydroxide, sug-
gesting that the hydroxy proton could be deprotonated and thus charged, making
it more soluble in water. As both starting materials were soluble in water, di-
lute hydrochloric acid was added dropwise to protonate the hydroxyl group and
precipitate out the product. The 1H NMR spectrum of the precipitate showed 5-
bromosalicaldehyde, unlike the 1H NMR spectrum before addition of HCl, showing
both starting materials and product.
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The reaction progress was then monitored by thin layer chromatography (TLC).
The TLC of the reaction after 16 hours revealed the presence of two compounds,
one being the starting material, 5-bromosalicaldehyde. The work-up process was
avoided, and the crude mixture was concentrated under vacuum, with 50 % toluene
to form an isotrope. The second spot was isolated via column chromatography in
a 5:1 petroleum ether:ethyl acetate eluent system to aord 2-(2-hydroxyethoxy)-5-
bromo-benzaldehyde (88.6 % yield), conrmed by 1H and 13C NMR spectroscopy.
2-(2-hydroxyethoxy)-5-bromo-benzaldehyde was reacted with trans-azobenzene
under inert conditions with the thiazolium catalyst and anhydrous TEA in anhy-
drous tetrahydrofuran (THF) at 80 ◦C for 20 hours. TLC of the crude mixture
showed presence of starting material, product and several by-products of trans-
azobenzene. Column chromatography with a gradient hexane:ethyl acetate eluent
system yielded 88.6 % of monomer 4. Increasing the equivalents of trans-azobenzene
from 1 to 1.5, increased the yield of the lactonisation.
Monomers 1, 2 and the novel monomer 3 were synthesised from the optimised
conditions and purication methods as per monomer 4. Exploring the electronic
substituent parameter, higher values of σmeta were selected to investigate the ex-
tent to which the π-π interactions of the resultant polymers could be enhanced
(Scheme 2.15).
Scheme 2.15: Monomers with substituents of increasing electron withdrawing prop-
erties, denoted by their higher values of σmeta.
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Synthesis of monomer 5 was attempted following the previously optimised pro-
cedure. 5-nitro-hydroxyethanol benzaldehyde was synthesised and puried via col-
umn chromatography, through dry loading due to poor solubility, to yield 46.6 %
of a brown solid. This was subjected to lactonisation under the same conditions.
However, poor solubility of the starting material was observed, leading to poor con-
versions. Changing the solvent from THF to toluene, in accordance with Rose et
al.,124 decreased the solubility even further. The 1H NMR spectrum of the novel
compound, 5-nitro-hydroxyethanol benzaldehyde, suggested no impurities to cause
solubility issues. The 1H NMR spectrum of the crude mixture from the lacton-
isation showed chemical shifts relating to the product and the starting material,
indicating some conversion. Several purication methods such as recrystallisation,
extraction, column chromatography and distillation were attempted to isolate the
product. The poor solubility of the starting material and the resultant lactone led to
the theory that even if the lactone was isolated, homogenous polymerisation would
not be possible.
Monomers 6 and 7 required ortho-formylation of the substituted phenols to ac-
cess their respective salicaldehydes. Hofsløkken et al. synthesised an array of substi-
tuted salicaldehydes from the reaction of paraformaldehyde, magnesium dichloride
and TEA in acetonitrile under reux. Hofsløkken et al. observed that EWG's in-
hibited the reaction, leading to lower yields, where EDG's promoted the reaction.
Methyl, tert-butyl, and methoxy substituents accessed the aldehydes with excellent
yields. When attempting the synthesis of EWG's such as cyano reduced the re-
activity of the phenol signicantly and increased the tendency for the by-product,
4-methoxymethoxybenzonitrile, to be formed. It was observed that elongated reac-
tion times or changing the solvent had no improvement on the yields.125
The electronic substituent parameter for the cyano group in the meta position
is 0.56 where as for the triuoromethyl σmeta is 0.43, indicating that triuoromethyl
is less electron withdrawing. This substituent was not attempted by Hofsløkken et
al. under those conditions. Therefore, 4-triuromethylphenol was reacted following
literature procedure for 4 hours.125 Monitoring the reaction through TLC and 1H
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NMR spectroscopy, no reaction was observed.
An alternative method for ortho-formylation using an organic reagent in the
Du formylation reaction was explored. The Du formylation reaction involves
the hexamine, hexamethylenetetramine (HTMA), as the formyl carbon source in-
stead of paraformaldehyde. The accepted mechanism involves the protonation and
ring-opening of the hexamine to give rise to the intermediate, β-aminoketone-type
Mannich base. The intermediate then undergoes oxidation, rearrangement and re-
aromatisation followed by hydrolysis to aord the respective salicylaldehyde (Scheme 2.16).131
Scheme 2.16: Accepted mechanism of the Du reaction to aord salicylaldehyde
derivatives, modied from Grimblat et al.131
The reaction of 4-triuoromethylphenol and 4-cyanophenol with HMTA in tri-
uoracetic acid for 18 hours under reux yielded no product. This is predicted to
be due to insucient electron density around the hydroxyl oxygen to form the rst
intermediate.
The reactivities of monomers 1 to 4 upon ROP were investigated along with
the thermal and mechanical properties of their resultant polyesters. Unfortunately,
the poor solubility and the challenges in synthesising the more electron withdrawing





A series of benzodioxepinones have been synthesised by Rose et al.,124 with the
unsubstituted 2,3-DHB being subjected to ROP by MacDonald et al. to aord
P2HEB with a molecular weight of up to 52,050 g mol−1.113 The driving force
behind the synthesis of P2HEB was the desire to replace commodity plastics such
as PET. P2HEB and PET are both aromatic-aliphatic polyesters, however there are
structural dierences. The aromatic group in PET is para-linked where as in P2HEB
the aromatic group is ortho-linked, similar to that of PEP. The orientation of the
aromatic group has an inuence on the packing eciency of the polymer and hence
the thermal and mechanical properties as seen with PET and PEP. The discovery
of the monomer-polymer equilibrium led to expansion of this research to target
P2HEB of dierent molecular weights, in addition to the ROP of monomers 1, 2, 4
and the novel monomer 3, to investigate the thermal, mechanical and degradation
characteristics of the novel aromatic-aliphatic polyesters.
3.2 Results and Discussion
MacDonald et al. screened catalysts for the ROP of 2,3-DHB and concluded that the
optimal catalysts were the aluminium salen catalyst and the organocatalyst TBD.113
The conditions for these catalysts were further tuned to probe the monomer-polymer
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equilibrium and investigate the eect of substituents on equilibrium rate constants,
k p and kd (Scheme 3.1).
Scheme 3.1: General ROP scheme of Monomers 1 to 4 and 2,3-DHB using
MeAl[salen] or TBD as a catalyst.
3.2.1 Screening of Polymerisation Conditions for 2,3-DHB
Table 3.1: aDetermined by 1H NMR, bDetermined by gel permeation chromatogra-














100:1:1 Al Tol. 60 6 99.3 11,000 11600 1.14
500:1:1 Al Tol. 60 6 93.4 40,000 40300 1.23
1000:1:1 Al Tol. 60 6 95.1 80,000 78600 1.20
The aromatic-aliphatic polyester, P2HEB, of higher molecular weights was tar-
geted to explore the eects of molecular weight on the polyester's thermal, me-
chanical and degradation behaviours. P2HEB was accessed through the ROP of
2,3-DHB, catalysed by aluminium salen with a benzyl alcohol (BnOH) initiator
in toluene. The polymerisation showed excellent control with narrow dispersities
and predictable molecular weights without compromising conversion, even at higher
molecular weights (Table 3.1). P2HEB with molecular weights of 11,600, 40,300
and 78,600 g mol−1 were aorded by altering the monomer to initiator to catalyst
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ratio (M:I:C - [2,3-DHB]0: [BnOH]0: [Al]0) from 100:1:1 to 500:1:1 and 1000:1:1
respectively. The concentration of the polymerisation played a vital role in the
successful conversion of 2,3-DHB. In order to shift the monomer-polymer equilib-
rium to the right the concentration of monomer had to be high, which was achieved
through minimal solvent use. Increasing the temperature to 70 ◦C and having a
dilute concentration was shown to increase the rate of transesterication leading to
depolymerisation (kd).113 The optimum conditions to reduce this during polymeri-
sation was found to be 60 ◦C with minimal amount of solvent.
3.2.2 Screening of Polymerisation Conditions for Monomer 2
Table 3.2: aDetermined by 1H NMR, bDetermined by GPC, dn/dc value used was
that of polystyrene standards (0.185).



















1 65:1:1 TBD DCM 22 1 5.15 95.7 4470 1.24 3920 4850
2 65:1:1 TBD DCM 50 1 5.15 95.3 6020 1.52 4480 6800
3 65:1:1 Al Tol. 60 3 2.03 32.1 3880 1.41 3630 5110
4 65:1:1 Al Tol. 60 6 2.03 60.8 6800 1.32 4850 6380
5 65:1:1 Al THF 60 6 2.15 42.8 6020 1.36 4300 5840
6 65:1:1 Al Tol. 60 6 6.08 63.5 5830 1.41 4600 6460
7 65:1:1 Al Tol. 60 6 12.15 72.3 7570 1.29 5770 7420
8 100:1:1 Al Tol. 60 6 3.04 52.8 10100 1.23 5360 6600
9 100:1:1 Al Tol. 60 6 5.15 65.5 11260 1.24 7130 8830
10 65:1:1 Al Tol. 50 6 3.04 54.7 5830 1.31 4450 5830
11 65:1:1 Al Tol. 22 6 3.04 35.1 4080 1.17 2790 3280
12 65:1:1 Al - 110 6 neat 0 - - - -
13 65:1:1 Al - 180 6 neat 0 - - - -
The conditions for the ROP of monomer 2 were screened with TBD and alu-
minium salen to study the monomer-polymer equilibrium and aord the aromatic-
aliphatic polyester 2 with a target molecular weight of 11,000 g mol−1 (Table 3.2).
Entry 1 and 2 show the rapid conversion of monomer 2 to polymer 2 with the
organocatalyst TBD in just 1 hour. In both cases the target molecular weight of
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11,000 g mol−1 was not achieved. Altering the temperature of the polymerisation
from 22 ◦C to 50 ◦C showed no change in conversion, however the molecular weight
increased as observed by 1H NMR spectroscopy. The dispersity of the polymerisa-
tion also increased signicantly indicating poor control over the polymerisation. The
inability to aord polymer 2 with a molecular weight of 11,000 g mol−1, albeit the
high conversions, was an indication of transesterication leading to shorter polymer
chains and a higher dispersity.55,113
Following literature procedure,113 the polymerisation was catalysed by aluminium
salen in toluene at 60 ◦C. Monitoring the conversion at 3 hours (Entry 3) and 6 hours
(Entry 4) a two-fold increase in conversion and molecular weight were observed with
Entry 4 having a lower dispersity. Subliming monomer 2 under vacuum using a
Schlenk ask to further purify the monomer showed no further improvement to the
conversion.
Scheme 3.2: Rapid equilibrium of the weak coordination of the oxygen in a THF
molecule to aluminium salen.132
Increasing the polarity of the solvent to THF (Entry 5) showed a slight decrease
in conversion and molecular weight with a similar dispersity to Entry 4. The weak
Lewis base coordination ability of THF suggests possible hindrance on the catalytic
activity of aluminium salen due to the rapid equilibrium between the active catalyst
and the Al-THF complex (Scheme 3.2)132
Through increasing the initial monomer concentration in Entry 4 from 2.03 M to
6.08 M and 12.15 M in Entry 6 and 7 respectively, an increase in the conversion and
molecular weight was observed. The experimental data agrees with the monomer-
polymer equilibrium, where increasing the initial monomer concentration would shift
the equilibrium to the right, with k p dominating, leading to higher conversions.
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ROP of monomer 2 to achieve a target molecular weight of 11,000 g mol−1 was
challenging as seen from Entries 1 to 7, however increasing the M:I:C to 100:1:1
(Entry 8) a higher molecular weight was achieved with a similar dispersity, although
no improvement in the conversion was observed. Increasing the concentration (Entry
9) led to a higher conversion and the target molecular weight whilst maintaining a
narrow dispersity for this system.
Probing the monomer-polymer equilibrium further, ROP was carried out at vary-
ing temperatures. Decreasing the temperature to 50 ◦C (Entry 10) and comparing
with Entry 8, both at a concentration of 3.04 M of initial monomer, no signicant dif-
ference was observed in the conversion. Performing the polymerisation at 22 ◦C with
aluminium salen (Entry 11) showed a signicant decrease in conversion, however a
decrease in the dispersity was also observed. It is well known that transesterication
can be minimised through decrease in temperature and reaction time.55
Carrying out the polymerisation in the absence of solvent (Entry 12 and 13)
showed no conversion. At 110 ◦C monomer 2 was still a solid, therefore no reaction
was observed. The temperature was increased to 180 ◦C in order for monomer 2 to
be in the melt phase for polymerisation to occur, however the polymerisation was
still unsuccessful.
The discrepancy in the molecular weights analysed by 1H NMR and GPC was
due to the poor solubility of the polymer in THF, therefore the molecular weights
reported in publications of this work are those by 1H NMR spectroscopy.
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3.2.3 Screening of Polymerisation Conditions for Monomer 1
Table 3.3: aDetermined by 1H NMR Spectroscopy, bDetermined by GPC, dn/dc
value used was that of polystyrene standards (0.185).



















1 100:1:1 TBD DCM 22 1 4.9087 97.2 5350 1.19 8100 9620
2 100:1:1 TBD DCM 50 1 4.9087 84.3 4450 1.27 5800 7330
3 100:1:1 Al Tol. 60 6 4.2355 60.5 9270 1.26 8770 11080
4 100:1:1 Al THF 60 6 4.9085 56.9 6590 1.23 6670 8210
5 115:1:1 Al Tol. 60 6 5.74118 73.2 11050 1.23 9230 11340
6 65:1:1 Al Tol. 22 6 3.04 63.3 6240 - - -
7 65:1:1 Al - 110 6 neat 0 0 - - -
8 65:1:1 Al - 180 6 neat 0 0 - - -
The data obtained from the ROP of monomer 2 was used as a foundation for the
further optimisation of monomer 1 to aord polymer 1 (Table 3.3). As predicted, the
polymerisation catalysed by TBD was rapid with high conversions and in the case
of Entry 1, at 22 ◦C, a narrow dispersity. The polymerisation at 50 ◦C (Entry 2) led
to a slightly broader dispersity with a lower conversion and molecular weight. The
high conversions did not translate to the target molecular weight of 11,000 g mol−1,
whilst also disagreeing with the GPC molecular weights due to transesterication
with TBD and the poor solubility in the GPC solvent (THF). It is evident from the
dispersity that the degree of transesterication of monomer 1 was lower than that
of monomer 2.
Using a M:I:C of 100:1:1 with aluminium salen in toluene at 60 ◦C for 6 hours,
aorded the aromatic-aliphatic polyester 1 with a molecular weight close to that
of the target molecular weight whilst maintaining an acceptable dispersity (Entry
3). Altering the solvent from to toluene to THF (Entry 4), showed a decrease
in conversion and molecular weight, again due to the weak coordination of THF to
aluminium salen even though the polymer was soluble in THF at the polymerisation
temperature of 60 ◦C.
The polymerisations catalysed by aluminium salen for monomer 1 were reaching
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approximately 60 % conversion, therefore the M:I:C was increased to 115:1:1 along
with the initial monomer concentration (Entry 5). A higher conversion was observed
after 6 hours, attributed to the increase in concentration of monomer, with the target
molecular weight of 11,000 g mol−1 achieved.
Decreasing the temperature for the ROP of monomer 1 (Entry 6) showed no dif-
ference in conversion, even at a lower initial monomer concentration. The conversion
at 22 ◦C suggested that 60 ◦C was not required, however the balance between solu-
bility of the monomer and polymer in toluene as well as the temperature to drive the
polymerisation led to the conclusion that the optimal conditions for polymerisation
of monomer 1 was 60 ◦C in toluene.
The opposite was observed when increasing the temperature to 110 and 180 ◦C
(Entry 7 and 8 respectively) where in the absence of solvent no polymerisation was
observed.
3.2.4 Screening of Polymerisation Conditions for Monomer 3
Table 3.4: aDetermined by 1H NMR Spectroscopy, bDetermined by GPC, dn/dc
value used was that of polystyrene standards (0.185).



















1 100:1:1 Al THF 60 6 5.48 64.6 9470 1.39 7020 9730
2 150:1:1 Al Tol. 60 6 5.48 63.2 12020 - - -
3 65:1:1 Al THF 22 6 2.75 71.5 5830 1.20 4950 5920
4 65:1:1 Al - 110 6 neat 66.9 7290 - - -
5 65:1:1 Al - 180 6 neat 58.4 2190 - - -
The ROP of monomers 3 and 4 were catalysed by aluminium salen due to the
degree of transesterication caused by TBD, observed in monomers 1 and 2. The
initial ROP of monomer 3 to aord polymer 3 was done in THF due to the poor
solubility of the monomer in toluene (Table 3.4, Entry 1). The polymerisation was
poorly controlled with a dispersity of 1.38, however with good conversion. Changing
the solvent to toluene (Entry 2) led to similar conversions, with greater control, and
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the target molecular weight. Precipitation of the polymer was observed in both
Entry 1 and 2 after approximately three hours, indicating the poor solubility of the
polymers in THF and toluene after a certain molecular weight. The polymerisations
were no longer homogenous and unable to proceed, therefore producing a lower
molecular weight polymer. The M:I:C was increased in Entry 2 to 150:1:1, whilst
maintaining the concentration, in order to drive the polymerisation to reach the
target molecular weight.
A higher conversion was achieved at 22 ◦C (Entry 3) for monomer 3 than for
monomer 1 and 2. Several factors can aect the degree of polymerisation and
for this system specically, the electronic substituent parameter and the solubility
of the monomer and polymer can inuence the rate and extent of polymerisation.
Monomer 3 has a higher σmeta value than monomers 1 and 2, denoting that monomer
3 is more electron withdrawing. The electronic nature of monomer 3 suggests that
the rate of polymerisation would be higher. In this case, solubility has not greatly
aected the trend as monomer 3 is soluble in THF and partially soluble in toluene.
Increasing the polymerisation temperature to 110 ◦C and 180 ◦C (Entry 4 and
5 respectively) showed similar conversions to the polymerisations at 60 ◦C, with
Entry 5 showing a slight decrease in conversion. The inability to obtain a GPC
chromatogram for Entry 4 and 5 indicated the formation of oligomers, which by 1H
NMR spectroscopy would show as polymeric chemical shifts.
59
3.2.5 Screening of Polymerisation Conditions for Monomer 4
Table 3.5: aDetermined by 1H NMR Spectroscopy, bDetermined by GPC, dn/dc
value used was that of polystyrene standards (0.18).



















1 30:1:1 Al Tol. 60 3 3.16 73.2 6960 - - -
2 80:1:1 Al THF 60 6 3.125 44.8 6240 1.389 4416 6132
3 100:1:1 Al THF 60 6 3.958 75.3 6720 - - -
4 100:1:1 Al THF 60 6 5.15 50.3 7680 1.426 4109 5861
5 65:1:1 Al THF 22 6 3.04 44.3 6240 1.254 3563 4436
6 50:01:01 Al Tol. 180 6 7.81 - - 1.444 1325 1953
7 80:1:1 Al Tol. 180 0.5 4.85 - - 1.267 1390 1760
8 150:1:1 Al Tol. 60 6 4.16 36.2 10320 - - -
Challenges in solubility of monomer 4 were observed in THF and toluene even at
low concentrations (Table 3.5). A low M:I:C ratio was initially used (Entry 1) show-
ing a good conversion after just three hours in toluene to polymer 4. Increasing this
ratio to 80:1:1 with a longer reaction time in THF (Entry 2) whilst maintaining the
concentration, showed a signicant decrease in conversion and with a dispersity of
1.38, indicating poor control over the polymerisation. The lower conversion was due
to the poor solubility of the monomer and polymer THF and the weak coordination
of THF to aluminium salen.
A further increase to 100:1:1 (Entry 3) in THF with a slightly higher concen-
tration compared to Entry 1 and 2 led to an increase in conversion with a similar
molecular weight. Increasing the concentration from 3.98 M to 5.15 M (Entry 4)
led to an increase in molecular weight, albeit with a decrease in conversion. ROP
in THF compared to toluene showed the general trend of poorer control and lower
conversions.
The polymerisation at 22 ◦C (Entry 5) showed only 44.3 % conversion, similar
to monomer 2, this is surprising as due to the electronic nature of monomer 4,
where the electronic substituent parameter is the highest, it is predicted to have the
highest rate and degree of polymerisation. It was clearly observed that solubility
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had an inuence in the rates.
Monomer 4 was not soluble in the melt phase at 110 ◦C and therefore the poly-
merisations in the absent of solvent were done at 180 ◦C. Entry 6 and 7 with dierent
M:I:C ratio showed an insignicant conversion with poor control over the polymeri-
sations.
Due to the inability to reach the target molecular weight of 11,000 g mol−1,
the M:I:C ratio, similarly to monomer 3, was increased to 150:1:1 (Entry 8). Even
though the conversions were poor, a molecular weight close to the target molecular
weight was achieved.
3.2.6 Polymerisation Kinetics
The inuence of the electronic substituent parameter on the rate of polymerisation
was investigated in toluene at 60 ◦C. The solubility of the monomers and polymers
were tested in THF, toluene and DCM prior to studying the polymerisation kinetics
(Table 3.6).
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Table 3.6: Solubility tests of monomers 1 to 4 and polymers 1 to 4 in THF, DCM
and toluene.



























Figure 3.1: Converison of monomer to polymer and change in molecular weight with
time. A close correlation between the two are indicative of a well controlled poly-
merisation. a) Conversion of monomer 1 to polymer 1, b) Conversion of monomer
2 to polymer 2, c) Conversion of monomer 3 to polymer 3 and d) Conversion of
monomer 4 to polymer 4.
The polymerisation kinetics for monomers 1 and 2 were studied over 24 hours
with 2 to 3 hour intervals, whilst monomer 3 was studied over 3 hours at 30 minute
intervals due to precipitation of the polymer after 3 hours and monomer 4 was
studied over 6 hours with 30 minute intervals (Figure 3.1). The aliquots were taken
and quenched with a few drops of 10 % dichloromethane in methanol to prevent
further polymerisation during transfer to analysis by 1H NMR spectroscopy.
The polymerisation of monomers 1 to 4 proceeded in a linear fashion up to the
point of maximum conversion were the polymerisations plateaued. The analysed
molecular weights closely matched the trend observed for the conversions of each
monomer to polymer. The maximum conversions did not correlate to the conver-
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Figure 3.2: Combined plot of polymers 1 to 4 showing the monomer conversion with
time.
sions observed during polymer condition screening due to more solvent needed for
monomer 4, and thus less concentrated solutions for all four monomers.
Maximum conversions of monomers 3 and 4 were similar to one another and
higher than that of monomers 1 and 2. This arises from the EWG's on monomers
3 and 4 increasing the rate of polymerisation and shifting the monomer-polymer
equilibrium in favour of k p in a signicantly shorter time than monomers 1 and 2.
A closer look at monomers 1 and 2 (Figure 3.2) shows that monomer 1 reached
maximum conversion of 42.5 % in 5 hours where monomer 2 reached a similar max-
imum conversion at 7 hours. According to the σmeta values, where monomer 1 is
-0.069 and monomer 2 is 0.0115,129 monomer 2 is less electron donating and there-
fore is predicted to have a higher conversion and a slightly faster rate of polymerisa-
tion. The disagreement between prediction and experimental data was investigated
further and is discussed later in this chapter.
Careful analysis of the maximum conversions of monomers 3 and 4 (Figure 3.2)
reveals that monomer 3 had a rapid conversion to 55.1 % within the rst hour
followed by a further, slower, increase from 1 hour to 3 hours to 58.4 %. Monomer
4 on the other hand reaches a maximum conversion of 55.2 % in 2 1
2
hours and
plateaus. The data suggests that the rate of polymerisation is higher for monomer
3, this is the opposite to the predicted trend from the σmeta values, where monomer
3 is 0.337 and monomer 4 is 0.391.129 In the case of these two monomers, solubility
is the overriding factor, where monomer 4 has a lower solubility in toluene at room
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Figure 3.3: Conversion of monomer to polymer in the form of ln([M]0/[M]t) vs time
in order to calculate the rate of polymerisation.
temperature, when the solution is prepared, and therefore until the inside of the
reaction vessel reaches 60 ◦C the rate of polymerisation is signicantly slower. This is
evident by the conversion only being 22.5 % after 30 minutes whereas with monomer
3 the conversion was 32.6 %.
The rates of polymerisation, k p, for each of the monomers were calculated from
the linear regions of the polymerisation curves to gain further insight into the
polymerisation. Plotting the linear regions of the conversion as ln([M]0/[M]t) vs
time, showed pseudo-rst order kinetics with respect to monomer concentration
(Figure 3.3), indicating that the ROP of the monomers proceeded in a controlled
manner.
Table 3.7: The trend observed between the σmeta and the rates of polymerisation.
aRate of polymerisation calculated by MacDonald et al.113
Monomer σmeta Rate (h
−1) Rate (min−1)
1 -0.069 0.11 0.0018
2 0.115 0.12 0.0020
3 0.337 1.3 0.0217
4 0.391 0.48 0.0080
2,3-DHB 0 0.6a 0.01a
The gradient of each monomer in the plot of ln([M]0/[M]t) vs time equates to k p.
Tabulating the σmeta values along with the rates calculated and the rate previously
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Figure 3.4: Rate of polymerisation in correlation with σmeta, the dotted line repre-
sents the reference point in which σmeta is zero.
calculated for 2,3-DHB under the same conditions,113 shows a clear inuence of
the electronic substituent parameter on the rate constant (Table 3.7). A visual
representation of the rate vs σmeta shows the general trend that larger σmeta values
correlate to higher polymerisation rates (Figure 3.4).
According to the σmeta values and the black dotted line (the reference point
where σmeta is zero) it is clear that monomers 2 and 4 do not follow that trend.
Monomer 4, theoretically, should have the fastest rate of polymerisation, however the
theoretical and experimental data disagree due to the additional factor of solubility
as previously discussed, where the poor solubility of monomer 4 in toluene decreases
the rate of polymerisation, even below that of 2,3-DHB. Albeit the polymerisation
rate of monomer 4 was faster than that of the electron donating substituents in
monomers 1 and 2.
Solubility was not an issue with monomer 2, therefore the value of k p was surpris-
ing. The methoxy (OMe) substituent is one of the few that can either be electron
donating or electron withdrawing in respect to the hydrogen substituent depend-
ing on its position on the aromatic ring. In the meta position, only the electron
withdrawing inductive eects of OMe are taking place, whereas in the para position
both electron withdrawing inductive and the more dominating electron donating
resonance eects are taking place, hence the negative σpara value of -0.268.129 With
regards to monomer 2 the OMe substituent is meta to the reactive centre and is
more electron withdrawing than the hydrogen substituent and thus should have a
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higher rate constant.
This was further investigated by the synthesis of the para substituted methoxy
(monomer 8) in order to understand the anomaly observed with monomer 2. Monomer
8 was synthesised in the same fashion as monomers 1 to 4 (57.9 % yield) and sub-
jected to ROP.
Table 3.8: aDetermined by 1H NMR Spectroscopy, bDetermined by GPC, dn/dc
value used was that of polystyrene standards (0.185).



















1 65:1:1 Al Tol. 60 6 2.03 20.8 2130 - - -
2 65:1:1 Al Tol. 60 6 6.08 16.6 1550 - - -
3 65:1:1 Al Tol. 60 6 12.15 10.2 970 - - -
4 100:1:1 Al Tol. 60 6 5.15 5.7 1160 - - -
5 65:1:1 Al Tol. 50 6 3.04 29.7 3100 - - -
6 65:1:1 Al Tol. 22 6 3.04 6.3 780 - - -
Low conversions were observed with the ROP of monomer 8, even at higher con-
centrations (Table 3.8). The decrease in conversion upon increase in concentration
(Entries 1-3) along with a decrease in conversion with an increase of monomer (En-
try 4) suggested that the presence of more monomer 8 hindered the polymerisation.
Decreasing the polymerisation temperature to 50 ◦C (Entry 5) gave the highest con-
version at 29.7 %. This decreased signicantly when performing the polymerisation
at 22 ◦C (Entry 6).
The reason behind the unusual behaviour of monomer 8 was further investigated.
It is known that hydroxyl and amine groups have a tendency to inhibit or adversely
eect ROP catalysed by metal-based catalysts such as aluminium salen through
"nonproductive" coordination.133
The coordination ability of the methoxy substituent in the para and meta posi-
tion was studied using diusion-ordered spectroscopy (DOSY), where NMR signals
of dierent species are separated by their molecular volume and thus their diusion
constants. A 1:1 stoichiometric amount of MeAl[salen] and monomer 2 was added
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to a Youngs tap NMR tube in deuterated toluene. The DOSY analysis (Figure 3.5)
was manipulated to obtain the Log-D values of the two diusion constants shown.
The Log-D value was used to calculate the estimated molar mass of the components
using a calibration curve developed by Weronika Gruszka from the Garden group at
the University of Edinburgh. The DOSY NMR spectrum showed that the chemical
signals from MeAl[salen], in the region of 2.19 ppm to 3.71 ppm, had the same dif-
fusion constant (1.31 ×10−5 cm2/sec) as the chemical shift relating to the methoxy
protons on monomer 2 at 3.27 ppm. In addition to this, the methine protons at 3.54
ppm and 3.61 ppm also had the same diusion constant (1.31 ×10−5 cm2/sec). The
estimated molar masses, based on their diusion constant, were 281.84 g mol−1 for
the chemical signals from MeAl[salen] (Log-D value of 8.93) and 145.89 g mol−1 for
the chemical signals relating to monomer 2 (Log-D value of 8.67).
Upon decreasing the MeAl[salen]:monomer 2 ratio to 0.5:1 the molar mass in-
creased for MeAl[salen] to 354.81 g mol−1 and decreased for monomer 2 to 125.73 g
mol−1. The change in molar mass may tentatively suggest that the level of coordina-
tion is dependent upon the ratio between MeAl[salen] and monomer 2. However, all
molar masses calculated are signicantly dierent from the individual molar masses,
where MeAl[salen] is 546.67 g mol−1 and monomer 2 is 194.19 g mol−1. DOSY
NMR typically can have up to 20 % error which partly arises from the fact that the
calibration is done using molecular weight where diusion is dependent on molec-
ular volume instead of weight. This could explain the variation in the calculated
molecular weights. While the molecular weights calculated are all signicantly lower
than expected, this data may tentatively suggest that two MeAl[salen] units coor-
dinate one monomer, for example through the carbonyl oxygen and the methoxy
oxygen134,135. This could explain the unexpected polymerisation behaviour and ki-
netics of monomer 2.
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Figure 3.5: DOSY NMR of a) 1:1 MeAl[salen]:monomer 2 and b) 0.5:1
MeAl[salen]:monomer 2.
Figure 3.6: DOSY NMR of a) 1:1 MeAl[salen]:monomer 8 and b) 2:1
MeAl[salen]:monomer 8.
When subjecting monomer 8 to a 1:1 stoichiometric amount of MeAl[salen], the
calculated molar masses of the chemical signals in the region of 2.19 ppm to 3.71
ppm for MeAl[salen] was 316.23 g mol−1 and 112.20 g mol−1 for the chemical signal
at 3.27 ppm for monomer 8. The methine protons at 3.54 ppm and 3.61 ppm for
monomer 8 were on a dierent diusion constant as the methoxy protons and the
MeAl[salen] protons. Increasing amount of MeAl[salen] to 2:1, showed an increase
in molar mass for MeAl[salen] to 380.198 g mol−1 and a decrease in molar mass for
monomer 8 to 100 g mol−1 (Figure 3.6). This could be a result of coordination of
the monomer bridging between two aluminum metals suggesting the monomer may
be coordinating to aluminum through both the carbonyl oxygen and the methoxy
oxygen.
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The observations from DOSY suggested that catalyst loading may inuence the
degree of coordination. The eect on catalyst concentration on the ROP of monomer
8 was studied (Table 3.9), however the polymerisation showed a reverse trend, where
an increase in catalyst loading led to an increase in the rate of depolymerisation, kd.
Table 3.9: ROP of monomer 8 for 6 hours at 60 ◦C in toluene with increasing
molar equivalents of MeAl[salen] with respect to the initiator, BnOH. Monomer
8:BnOH:MeAl[salen] = 100:1:1, 100:1:2, 100:1:5, 100:1:10, 100:1:20.






The lower polymerisation conversions and rates observed for monomers 2 and
8 are potentially explained by the possible coordination of aluminium salen to the
methoxy oxygen as well as the carbonyl oxygen, supported by the dierences in molar
masses and the similarity in the diusion constants of the catalyst and monomers.
3.2.7 Catalysed Degradation Studies
Catalytic degradation kinetics
P2HEB has previously demonstrated the ability to selectively depolymerise back
to its cyclic monomer, 2,3-DHB, where kd dominates. The depolymerisation is
induced by the aluminium salen catalyst, at elevated temperatures and dilute con-
centrations.113 Following literature ndings, the catalytic degradation of P2HEB, in
lm form, via aluminium salen, of molecular weights 11,000, 40,000, and 80,000 g
mol−1 were investigated.
Preliminary studies on the conditions for degradation were done on P2HEB with
a molecular weight of 11,000 g mol−1. While P2HEB degradation is insignicant
at room temperature due to poor solubility in organic solvents, decreasing the con-
centration of the solution to 0.003 M at 70 ◦C with a stoichiometric amount of
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Figure 3.7: 1H NMR spectra of a) P2HEB and b) 2,3-DHB.136
aluminium salen for one hour showed the chemical shift for one of the aryl protons
in P2HEB at 7.72 ppm rapidly disappearing with the same proton chemical shift
at 7.90 ppm reappearing for the monomer (Figure 3.7). Integration of both peaks
after one hour showed 79.3 % of catalytic degradation. Under the same conditions,
P2HEB of 40,000 and 80,000 g mol−1 showed a similar extent of degradation at
81.7 % and 80.4 % respectively, indicating the degree of depolymerisation was inde-
pendent of molecular weight.136 The extent of degradation was also independent of
whether P2HEB was in the form of a lm, isolated powders, or if degradation was
conducted in situ after polymerisation, supporting the ndings in literature.113
The catalytic degradation of puried and dried P2HEB and polymers 1 to 4
was studied in more detail to understand the kinetics of the depolymerisation and
the eect of the substituents on these kinetics. Polymers 1 to 4 were subjected
to depolymerisation studies under the same conditions and concentration as the
P2HEB at 70 ◦C for 1 hour (Figure 3.8). Depolymerisation was shown to take place
predominately in the rst 10 minutes upon taking aliquots at 10 minutes intervals.
Polymer 1 exhibited an increase in depolymerisation up to 30 minutes where it
plateaued to reached a maximum degradation of 65.2 % after one hour. Polymer 2
on the other hand reached a maximum degradation of 85.8 % in 20 minutes and then
plateaued to 82.1 % degradation after one hour. This observed plateau is attributed
to the reaction being in equilibrium between monomer and polymer.
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Figure 3.8: Depolymerisation of a) polymer 1, b) polymer 2, c) polymer 3 and d)
polymer 4 over 60 minutes.
Polymer 3 showed a rapid increase in conversion from polymer to monomer, de-
noted by the 60.1 % depolymerisation at 10 minutes, which decreased in rate to give
100 % depolymerisation after one hour. Polymer 4 reached a maximum degradation
of 74.9 % in 10 minutes and remained in equilibrium with the degradation being
73.3 % after one hour.
The rst 10 minutes of depolymerisation was investigated further as it was clear
that it showed the greatest depolymerisation activity (Figure 3.9). Individual am-
poules were set up for each time point to eliminate the possibility of air entering
the ampoule during sampling. Polymer 1 showed 45.2 % degradation after 10 min-
utes, matching the previous kinetic study, however plateaued to 45.3 %, unlike the
previous kinetic study. Polymer 2 reached a lower degree of depolymerisation after
10 minutes compared to the previous study at only 61.9 %. Polymers 3 and 4 were
signicantly slower with depolymerisation after 10 minutes of 37.8 % and 28.3 %
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Figure 3.9: Depolymerisation of a) polymer 1, b) polymer 2 and c) polymer 3 at
70◦C.
respectively. Polymer 4 reached an equilibrium at 28.1 % for the remaining hour,
indicating that the limiting factor of depolymerisation was solubility at 70 ◦C.
The disagreement between the initial study and the study with aliquots every 2-3
minutes was due to the poor solubility of the polymers in organic solvent, meaning
every batch under study would have a dierent degree of solubility until the tem-
perature inside the reaction vessel (ampoule) reached the experimental temperature
of 70 ◦C.
The depolymerisation of the polymers were therefore studied at room tempera-
ture to monitor the degree of depolymerisation upon transferring the ampoule from
the glovebox to the hotplate. No sign of depolymerisation was observed for polymers
3 and 4 due to the poor solubility of the polymers in toluene. However, polymers
1 and 2 showed a small degree of depolymerisation at approximately 5.7 %, note
that the poor signal to noise ratio from the NMR spectra reduced the accuracy of
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Figure 3.10: Depolymerisation of a) polymer 1, b) polymer 2, c) polymer 3 and d)
polymer 4 at 110 ◦C
integration. To ensure that the time taken in transfer was not an aecting factor
the ampoules were kept on ice until they were cycled on to the Schlenk line prior to
subjecting them to heat.
The catalytic degradation of polymers 1 to 4 was investigated at 110 ◦C, due to
the poor solubility of polymers 3 and 4 at 70 ◦C in toluene (Figure 3.10). After 2
minutes, polymer 1 showed a conversion of 45.8 % back to monomer with a further
increase to 74.6 % after 5 minutes, before plateauing. A similar behaviour was
observed for polymer 2 where a plateau was reached after 7 minutes at 90.5 %.
Polymer 3 showed 100 % depolymerisation in 10 minutes, whereas polymer 4 showed
the least degree of depolymerisation even after one hour only being 69.8 %. The
slower depolymerisation of polymer 4 was associated with the time taken for the
polymer to dissolve in toluene at 110 ◦C, albeit being faster than that at 70 ◦C.
Both depolymerisation at 70 ◦C and 110 ◦C reiterated the initial studies, that
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Figure 3.11: Depolymerisation of a) polymer 1, b) polymer 2, c) P2HEB, d) polymer
3 and e) polymer 4 at 110 ◦C probed by 1H NMR in a Youngs tap NMR tube.
the majority of catalytic degradation was occurring within the rst 10 minutes and
in the case of 110 ◦C in the rst 2 minutes. The early stages of depolymerisation at
110 ◦C was probed through 1H NMR in deuterated toluene in a Youngs tap NMR
tube (Figure 3.11). Note that 110 ◦C was close to the temperature limit of the NMR
machine when using deuterated toluene as the solvent as well as being close the to
limit for the specication of the NMR machine used for this study.
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Polymer 1 showed a maximum degradation of 89.7 % in 16 minutes where an
equilibrium was then reached. Polymer 2 exhibited two dierent rates of depoly-
merisation where in the rst 7 minutes the rate was higher, which plateaued to
85.4 % after 30 minutes. A similar behaviour was observed for polymer 3 where
a maximum degradation of 84.8 % degradation was observed. Polymer 4 was an
exception to the studies as no sign of depolymerisation was observed until 7 minutes
where a slow increase in polymer to monomer conversion occurred to a maximum
degradation of 45.9 %. P2HEB displayed a rapid increase in polymer to monomer
conversion with 72.7 % depolymerisation after 10 minutes and then plateauing to
81.5 %.
The discrepancy between the maximum degradations at 110 ◦C in an ampoule
vs a Youngs tap NMR tube is proposed to be due to the absence of stirring in the
NMR tube, suggesting that the polymers would take longer to dissolve in deuterated
toluene.
The rates of depolymerisation, kd, were calculated from the linear regions of the
data obtained at 70 ◦C and 110 ◦C in both the ampoule and the Youngs tap NMR
tube in addition to the catalytic degradation of P2HEB at 110 ◦C in a Youngs tap
NMR tube (Figure 3.12).
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Figure 3.12: Combined plots of depolymerisation at a) 70◦C, c) 110 ◦C, e) 110 ◦C
probed by 1H NMR, and their respective ln([P]0//[P]t) vs time at b) 70◦C, d) 110
◦C and e) 110 ◦C by 1H NMR spectroscopy.
The catalytic degradation rate of P2HEB at 60 ◦C was previously calculated to
be 0.01 min−1.113 The slope of each of the polymers when the change in conversion
over time is plotted as ln([P]0/[P]t) vs time, equates to kd. The kinetics for the
depolymerisation at 70 ◦C were only studied for polymers 1 to 3 due to the poor
solubility of polymer 4. Polymer 1 showed a depolymerisation rate of 0.09 min−1,
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this was increased to 0.12 min−1 and 0.14 min−1 for polymer 2 and 3 respectively.
As predicted, the increase in kd, correlates well with the increase in the electronic
substituent parameter, indicating that the more electron withdrawing substituents
depolymerise at a faster rate at 70 ◦C.
The depolymerisation study at 110 ◦C in an ampoule, analysing aliquots every
two minutes, demonstrated that the linear region of the curve was within the rst 7
minutes with only a maximum of three time points. The disadvantage of attempt-
ing to calculate kd from this data is that polymers 1 to 3 start to plateau after 5
minutes, resulting in inaccurate kd values. Polymers 1 and 3 demonstrated a de-
polymerisation rate of 0.11 min−1 and 0.13 min−1 respectively, this decreased by half
to 0.054 min−1 for polymer 2 and 0.046 min−1 for polymer 4. The rates calculated
at 110◦C were surprising due to the trends observed at 70 ◦C, where there was a
clear increase in rate with increase in the electronic substituent parameter.
More reliable depolymerisation rates at 110 ◦C were calculated through the data
obtained from 1H NMR spectroscopy. The kd values obtained in the rst 7 minutes
for polymers 1 to 3 correlated with the trends observed at 70 ◦C and the electronic
substituent parameter, where kd was 0.26 min−1 for polymer 1, 0.32 min−1 for
polymer 2 and 0.33 min−1 for polymer 3. The exception to this trend was polymer
4 which is predicted to have the fastest rate of depolymerisation, with a kd value
of 0.032 min−1. This was attributed to the solubility issues with the polymer 4,
where in a Youngs tap NMR tube there was no stirring and there was evidently
an incubation period in which the polymer was dissolving before being subjected
to depolymerisation. The hydrogen substituted P2HEB with a σmeta value of 0,129
is predicted to have a kd value higher than polymer 1 and lower than polymer 2,
however the observed rate of depolymerisation was 0.14 min−1, lower than both
polymers 1 and 2.
The additional inuence of solubility was observed in the depolymerisation rates,
as with the polymerisation rates. Although the electronic nature of the substituents
inuences the monomer-polymer equilibrium and their kinetic behavior, the solubil-
ity of the monomers/polymers is a limiting factor that also needs to be considered
78
to achieve optimal kinetic proles. The balance was well achieved with monomer
3/polymer 3, with the fastest rates of polymerisation and depolymerisation to aord
a novel aromatic-aliphatic polyester that rapidly degrades in a closed loop fashion.
3.2.8 Copolymers
Copolymers are a result of the polymerisation of two or more monomers either
simultaneously or sequentially. There are two classes of copolymers, containing
their own subclasses, branched copolymers, including graft and star copolymers, and
linear copolymers, including gradient, random, alternating and block copolymers
(Figure 3.13).137,138
Figure 3.13: A cartoon representation of the types of linear and branched copoly-
mers.
Block copolymers tend to have a higher degree of architectures that encompass
linear, branched and cyclic architectures, depending on the nature and length of
the second block. Block copolymers are accessed through the addition of a second
monomer to the existing polymer (of the rst monomer), thus resulting in a diblock.
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Further addition of another monomer to the existing diblock copolymer would result
in a triblock copolymer.139
The advantage of copolymerisation is the ability to tune the macrostructure of
the resultant copolymer. The macrostructure inuences the thermal and mechan-
ical properties of a copolymer as well as its morphology and degradation proles.
Random and gradient copolymers tend to behave close to that of blends, which
is a cost-eective method for the mixing of two homopolymers. However, block
copolymers, due to their nature, can lead to more interesting properties and mor-
phologies.140
The increasing attractiveness of PLA, due to its characteristic biocompatibility
and biodegradability, has led to research into the improvement of the thermal and
mechanical properties of PLA.141 Copolymerisation of PLA142,143 with monomers
such as ε-caprolactone, by ROP of the second cyclic monomer using the end hydroxyl
group from PLA as a macroinitiator,144 led to a change in thermal properties and
crystallinity to improve the brittleness of the PLA copolymer by increasing the
percentage strain at which it breaks.145,146 The hydrocarbon polymer backbone of
polycaprolactone (PCL) and its signicantly lower Tg (-60 ◦C),147 adds exibility to
the copolymer and thus increasing the elongation of the copolymer. This allows the
copolymer to take more strain before breaking of the material.148 Other examples of
monomers that have been copolymerised with PLA include glycolic acid, dipropargyl
glycolide, allyl glycidyl ether and cyclic carbonates.144Alternative methods such as
fabrication,149,150 stereocomplexation151153 and blending154,155 also exist to tune the
thermal and mechanical properties of PLA.
While copolymerisation typically requires air-sensitive techniques, blending is a
facile alternative to tune the properties of a particular homopolymer. Blending of
PLA with poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV),156 poly(butylene
succinate) (PBS),157 PCL158 and polyolens such as poly(methyl methacrylate)
(PMMA),159 can oer improvement on the brittleness of PLA as well interesting
morphologies.157 However, blending of two immiscible polymers can often lead to
macro-separation and consequently inferior properties compared to that of their
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homopolymers.
Copolymerisation of P2HEB on the other hand, has only once been previously
reported by MacDonald et al.,113 by utilising the hydroxyl end group of P2HEB as a
macroinitiator in the ROP of l-lactide. The result of this was gradient copolymers
due to the monomer-polymer equilibrium of P2HEB. As the lactide monomer units
were being added to the chain end, there was a degree of depolymerisation and
repolymerisation of P2HEB leading to a gradient copolymer. Using the monomer
2,3-DHB and subjecting it to ROP by poly(3-hydroxybutyrate) (P3HB) led to a
diblock copolymer.
This unique observation on the order of addition of 2,3-DHB was further in-
vestigated in this work to aord diblock and triblock copolymers of P2HEB and
PlLA. The copolymers were also subjected to catalytical and enzymatic degrada-
tion along with their homopolymers to further investigate the selective degradation
of the P2HEB block as was previously observed by Shaver et al.113
Synthsis of diblock copolymer 1 and triblock copolymer 2
The reactivity of 2,3-DHB and l-lactide towards ROP via aluminium salen was
investigated by a one pot polymerisation in the presence of aluminium salen and
the initiator BnOH, in toluene at 60 ◦C for 6 hours. The 1H NMR spectrum showed
successful polymerisation of l-lactide to PlLA with no incorporation of P2HEB,
evident by the absence of aromatic peaks in the spectrum. This suggested that the
consumption of l-lactide occurred at a faster rate than that of P2HEB.147
The ROP of 2,3-DHB and l-lactide catalysed by Sn(oct)2, according to 1H NMR
spectroscopy, was successful, with a 1:0.62 ratio of PlLA:P2HEB. To determine
the type of copolymer that was synthesised the 13C NMR and DOSY spectra were
analysed. The 13C NMR spectrum of a homopolymer of PlLA has a signal attributed
to the carbonyl at 169.7 ppm, this carbon is predicted to shift upon copolymerisation
due to the presence of P2HEB. The 13C NMR spectrum analysed showed three
chemical shifts in the region of 170 to 150 ppm, the chemical shift at 169.6 ppm
correlates to the carbonyl on the lactic acid repeat unit, the chemical shift at 165.9
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Figure 3.14: DOSY NMR of the attempted synthesis of the diblock copolymber 1
with Sn(oct)2.
ppm correlates to the carbonyl on the P2HEB repeat unit and the last chemical
shift at 158.2 ppm correlates to the aromatic carbon in P2HEB. An additional
carbonyl shift should normally be observed, attributed to the point at which both
monomers link, however in the case of these polymers the signal:noise was too low
for it to be detected. This data suggests that due to the presence of two carbonyl
chemical shifts the resultant copolymer is a block whereas the presence of multiple
carbonyl chemical shifts would indicate several dierent chemical environments as
a result of a random or gradient copolymer. For example, a carbonyl from a lactic
acid unit next to another lactic acid unit would have a dierent chemical shift
to one next to a 2,3-DHB unit. Further investigation into this via DOSY NMR
spectroscopy (Figure 3.14) contradicted this nding and led to the conclusion that
no copolymerisation had occurred, rather two homopolymers with dierent diusion
constants were present. The PlLA with the methine at 5.2 ppm and the methyl at
1.6 ppm had a dierent diusion constant to that of the chemical shifts relating to
aromatic protons in P2HEB from 6.94 ppm to 7.74 ppm.
Using P2HEB as a macroinitiator to aord block polymers was previously at-
tempted. This study was unsuccessful due to the monomer-polymer equilibrium
leading to a gradient copolymer.113 Therefore, PlLA was used as a macroinitia-
tor to aord the diblock copolymer 1 (PlLA:P2HEB) and triblock copolymer 2
(P2HEB:PlLA:P2HEB) (Figure 3.15).
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Figure 3.15: Schematic of the diblock and triblock copolymer using PlLA cores.
l-lactide was subjected to ROP via MeAl[salen] with BnOH as the initiator in
toluene at 85 ◦C for 3 hours to aord PlLA. The synthesised PlLA was used as a
macroinitiator in the ROP of 2,3-DHB. The poor solubility of PlLA in toluene at
60 ◦C (the polymerisation temperature of 2,3-DHB) meant that the polymerisation
was carried out at 85 ◦C for 6 hours, with an initial 2,3-DHB concentration of
2.4 M. Integration of the 1H NMR spectrum showed chemical shifts corresponding
to the methine protons in PlLA and the aromatic protons in P2HEB against the
benzyl chemical shift for the initiator at 5.29 ppm resulting in a PlLA:P2HEB block
length of 1:0.0125,indicating only 1.25 % incorporation of 2,3-DHB. Decreasing the
temperature of ROP of 2,3-DHB to 66 ◦C and increasing the polarity of the solvent
to THF, which was eective at dissolving PlLA, led to the same result.
Through exploiting the monomer-polymer equilibrium of 2,3-DHB, the concen-
tration was increased signicantly to 50 M to drive the equilibrium towards polymer.
After 6 hours in THF at 66 ◦C with PlLA as the macroinitiator, a PlLA:P2HEB
block length of 115:46 was observed. To conrm that a block copolymer was pro-
duced, the 13C NMR and DOSY spectra were analysed. The 13C NMR spectrum
showed only a chemical shift at 169.8 ppm, correlating to the carbonyl on the lactic
acid repeat unit, and a chemical shift at 166.1 ppm, correlating to the carbonyl on
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Figure 3.16: a) 13C NMR spectrum of the diblock copolymer 1 showing two carbonyl
peaks indicating only two environments for a block copolymer and b) DOSY NMR
spectrum of the diblock copolymer 1 with the same diusion constant suggesting a
copolymer.
the P2HEB repeat unit. This indicates a block copolymer which was further con-
rmed by the DOSY spectrum showing the methine and methyl of PlLA and the
aromatics of P2HEB to have a similar diusion constant, suggesting the successful
synthesis of diblock copolymer 1 (Figure 3.16).
The triblock copolymer 2 was synthesised using 1,3-propanediol as an initiator
in the ROP of l-lactide in toluene at 85 ◦C for 3 hours with MeAl[salen] to aord
PlLA with two end hydroxyl groups as macroinitiators for the ROP of 2,3-DHB.
Similar to the diblock, maintaining a high concentration of 2,3-DHB, whilst ensuring
a homogenous solution, was important due to the monomer-polymer equilibrium.
However, lower conversions of 2,3-DHB were observed for the triblock copolymer
2, due to the monomer-polymer equilibrium, with a P2HEB:PlLA:P2HEB block
length of 15:100:15. The integration ratio was determined by integrating the methine
chemical shift of PlLA at 5.16 ppm against the aromatic chemical shift of P2HEB
at 7.76 ppm. The nature of the block copolymer was conrmed with the 13C NMR
spectrum showing a chemical shift at 169.8 ppm, correlating to the carbonyl on the
lactic acid repeat unit, and a chemical shift at 166.1 ppm, correlating to the carbonyl
on the P2HEB repeat unit, in addition to the presence of one diusion constant in
the DOSY spectrum (Figure 3.17).
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Figure 3.17: a) 13C NMR spectrum of the triblock copolymer 2 showing two carbonyl
peaks indicating only two environments for a block copolymer and b) DOSY NMR
spectrum of the triblock copolymer 2 with the same diusion constant suggesting a
copolymer.
The diblock and triblock copolymers had narrow dispersities and similar molec-
ular weights of 16,932 g mol−1 and 16,304 g mol−1 respectively (Table 3.10). The
narrow dispersity of the triblock copolymer 2 suggested an even split on both ends




edetermined by 1H NMR spectroscopy; fdetermined by GPC, dn/dc=0.05; gMn,th
= ([M]/[ini]) × MW (M)×(% conv.) + MW (end group).
Polymer Conversion (%)e Mn (g mol
−1)f Mn,th (g mol
−1)g Ð
PlLA, with BnOH (1)a 95 9500 10200 1.05
PlLA, with 1,3-propanediol (2)b 98 9470 10170 1.07
Diblock Copolymer 1c 20 16930 21680 1.15
Triblock Copolymer 2d 22 16300 21660 1.14
The potential of diblock copolymer 1 and the triblock copolymer 2 in improving
the thermal, mechanical and degradation prole of PlLA was investigated further.
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3.2.9 Block Copolymer Catalytic Degradation
It has previously been shown that the P2HEB block of a copolymer of P2HEB with
P3HB was able to undergo more than 90% selective depolymerisation back to the
cyclic monomer, 2,3-DHB, in the presence of MeAl[salen].113
The homopolymer of P2HEB as previously discussed demonstrated greater than
80 % depolymerisation within one hour at 70 ◦C in toluene in the presence of
MeAl[salen]. Due to the monomer-polymer equilibrium, it is understood and ex-
perimentally shown that concentration is vital in determining where the equilibrium
sits. Dilute conditions promote depolymerisation and the equilibrium shifting to
the monomer, where the opposite is true for concentrated conditions. Therefore,
dilute conditions of the homopolymer were mimicked for the depolymerisation of
the diblock copolymer 1 and the triblock copolymer 2 with THF as the solvent,
due to the poor solubility of the copolymers in toluene. As THF is able to weakly
coordinate to the aluminium salen catalyst, the conversions of polymer to monomer
are expected to be lower.132
The degradation of the copolymers were monitored by 1H NMR over 5 hours, tak-
ing aliquots every hour (Figure 3.18). The 1H NMR spectrum showed the reappear-
ance of the chemical shifts correlating to the monomer 2,3-DHB, as expected, how-
ever the reappearance of the chemical shift at 5.04 ppm correlating to the monomer
l-lactide was also observed. In all cases the extent of depolymerisation of P2HEB
was signicantly lower than that of its homopolymer. This suggested that the de-
polymerisation of P2HEB was competing with the transesterication of PlLA, the
presence of the lactide monomer suggested intramolecular transesterication.
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Figure 3.18: Degradation of the diblock copolymer 1 and triblock copolymer 2
monitored by 1H NMR spectroscopy over 20 hours in the presence of MeAl[salen]
(0.0045 mol).
Integration of the monomer and polymer peaks from the 1H NMR spectrum
revealed that the diblock copolymer 1 showed 28.8 % degradation of the P2HEB
block after 5 hours, with 6.7 % degradation of the PlLA block. Similar results were
observed for the triblock copolymer 2, with 26.3 % degradation of the P2HEB block
and 4.5 % of the PlLA block. Subjecting the copolymers to 20 hours of degradation
showed no further increase in depolymerisation of either block.
Increasing the catalyst loading by ten times led to an increase in the degree
of depolymerisation of the P2HEB and PlLA blocks (Figure 3.19). The diblock
copolymer 1 showed a maximum degradation of the P2HEB block of 46.8 % after 5
hours, this was further increased to 52.8 % after 20 hours. The P2HEB block of the
triblock copolymer 2 showed a maximum degradation of 62.2 % after 5 hours and
88.9 % after 20 hours. Close analysis of the 1H NMR spectrum also showed after 5
hours 12.9 % and 25.4 % degradation of the PlLA block in the diblock copolymer 1
and the triblock copolymer 2 respectively, which was increased to 34 % and 59.9 %
after 20 hours. The homopolymer of PlLA was also subjected to the higher catalyst
loading degradation and showed a maximum degradation of 10.4 % after 5 hours
and 33.2 % after 20 hours.
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Figure 3.19: Degradation of the diblock copolymer 1 and triblock copolymer 2
monitored by 1H NMR spectroscopy over 20 hours in the presence of MeAl[salen]
(0.045 mol).
Comparing the PlLA fraction of the diblock copolymer 1 and the homopolymer
of PlLA, it can be observed that the maximum degradations were similar after 5
hours and 20 hours, suggesting that the transesterication of PlLA was dominat-
ing over the catalytic degradation of P2HEB. Whereas, the triblock copolymer 2
promoted the degradation of the PlLA block.
It is clear that the degree of depolymerisation of the P2HEB block was aected by
the catalyst concentration and the competing transesterication of the PlLA block.
The maximum degradation of the PlLA block in the copolymers was signicantly
higher than the maximum degradation of the homopolymer, this suggests that the
degradation of PlLA was promoted by the presence of the P2HEB block. The
inuence of the P2HEB block on the PlLA block and vice versa on the degradation
of the copolymers give potential to encourage research into alternative chemical
recycling strategies.
3.2.10 Enzymatic Degradation
Enzymatic degradation studies were carried on polymer lms of the P2HEB ho-
mopolymer, the diblock copolymer 1 and the triblock copolymer 2 to investigate
the extent of enzymatic degradation of P2HEB compared to previously studied
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Figure 3.20: GPC traces of P2HEB of molecular weight a) 40,000 g mol−1 and b)
80,000 g mol−1 over 60 hours showing a shift towards lower hydrodynamic volumes.
PlLA.161
P2HEB with molecular weights of 40,000 g mol−1 and 80,000 g mol−1 were dis-
solved in chloroform and placed on PTFE plates to allow the solvent to evaporate,
via solvent casting, leaving behind a lm with a thickness of 100 µm. P2HEB of
molecular weight 11,000 g mol−1 demonstrated challenges in aording a consistent
lm. The polymer lms were cut into 1 cm2, where the polymer lms of the copoly-
mers, prepared in the same fashion, were cut into fractions with a weight of 12 mg.
The polymer lms of the copolymers were brittle and dicult to handle due to their
low molecular weight and the presence of PlLA. The lms were then subjected to
enzymatic degradation via proteinase K in a tris-HCl buer. The loss of molecular
weight was monitored by GPC over 60 hours at 12 hour intervals (Figure 3.20).
Control experiments were also set up in the following manner; tris-HCl buer with
proteinase K, and tri-HCl buer with the polymer lms (specically P2HEB with
molecular weight of 40,000 g mol −1).
A decrease in molecular weight was observed for P2HEB of molecular weight
40,000 g mol−1 and 80,000 g mol−1, as evident by the GPC traces shifting towards
lower hydrodynamic volumes (higher retention times). In addition to the extent of
enzymatic degradation being similar for both P2HEB polymers, the dispersity of
the analysed fractions remained narrow, suggesting that enzymatic degradation was
independent of molecular weight (Table 3.11 and Table 3.12).
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Table 3.11: Enzymatic degradation of P2HEB of molecular weight 40,000 g mol−1
monitored by GPC (dn/dc=0.05).








Table 3.12: Enzymatic degradation of P2HEB of molecular weight 80,000 g mol−1
monitored by GPC (dn/dc=0.05).









Figure 3.21: Enzymatic degradation monitored by 1H NMR spectroscopy for P2HEB
showing the independence of molecular weight on degree of degradation.
The enzymatic degradation was also studied with 1H NMR spectroscopy (Fig-
ure 3.21) due to the partial solubility of P2HEB in THF leading to inaccurate
dn/dc values and thus inaccurate molecular weights. The enzymatic degradation
behaviour of both molecular weights were similar, as with the result from the GPC
data, showing 39 % decrease in molecular weight over 60 hours in both cases. This
suggests that the rate of enzymatic degradation was independent of the molecular
weight. Other factors such as surface area and degree of crystallinity may inuence
the degree of degradation.
The triblock copolymer 2 showed a similar degradation prole to P2HEB, where
a clear shift towards lower hydrodynamic volumes was observed over 60 hours. How-
ever, the diblock copolymer 1 exhibited a unique bimodal GPC trace (Figure 3.22).
A decrease in the weight fraction of the higher hydrodynamic volume peak and the
increase in weight fraction of the lower hydrodynamic volume was observed over
60 hours. This suggested nonuniform degradation of the diblock copolymer 1. It
has been previously shown that the amorphous region of the polymer matrix is
favoured over the crystalline region for enzymatic degradation, specically in the
case of PlLA, where high surface areas and low molecular weights promote en-
zymatic degradation.16,162 The diblock copolymer 1 is predicted to have dierent
regions of crystallinity, suggesting that the bimodal trace is a result of the preferred
degradation of the P2HEB blocks with lower degree of crystallinity, in addition to
amorphous regions of PlLA, thus leading to low molecular weight PlLA segments
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Figure 3.22: GPC traces of a) the diblock copolymer 1 and b) the triblock copolymer
2 over 60 hours showing a shift towards lower hydrodynamic volumes
with a broad dispersity.
To understand the enzymatic degradation behaviour in more detail, the DOSY
spectra were analysed (Figure 3.23). The DOSY spectrum of the diblock copoly-
mer 1 prior to degradation showed the chemical shifts correlating to P2HEB and
PlLA having the same diusion constant. After enzymatic degradation the chemical
shifts correlating to P2HEB and PlLA showed dierent diusion constants, where
the chemical shifts for the PlLA were observed to have more than the one diu-
sion constant, suggesting that shorter PlLA fragments were being formed from the
original copolymer. This supports the bimodal GPC trace observed for the diblock
copolymer 1.
The DOSY spectrum for the triblock copolymer 2 suggested degradation oc-
curred through random chain scission, evident by the chemical shifts relating to
P2HEB (between 7.76-6.93 ppm and 4.57-4.28 ppm) and PlLA (5.16 ppm) still
having the same diusion constant, albeit more than one was observed. Chain scis-
sion is the degradation or cutting of a polymer backbone into two fragments of
shorter length.163 This data supports the gaussian peak observed by GPC.
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Figure 3.23: DOSY NMR of a) the diblock copolymer 1 and b) the triblock copoly-
mer 2 showing degradation of the copolymers by multiple diusion constants
The degree of crystallinity in the polymer matrix inuences the rate and extent
of enzymatic degradation.16,162 The enzymatic degradation of P2HEB was observed
to be signicantly faster than that for PET,164 due to the ester linkages in P2HEB
and orientating themselves 90 ◦ to the ortho linked aromatic rings along the poly-
mer backbone.110 This orientation allows for increased chain mobility and a lower
degree of crystallinity, thus a faster rate of enzymatic degradation. The opposite
was observed when comparing to atactic PLA where the enzymatic degradation of
P2HEB was signicantly slower, due to the presence of aromatic rings in P2HEB.
The enzyme active site is specically designed and orientated to maximize eciency
and therefore changing the substrate, for example aromatic rings, hinders enzymatic
activity.
In the case of the copolymers, P2HEB is predicted to lower the crystallinity of
the polymer matrix due to the orientation of the aromatic rings. However, P2HEB
may promote the crystallisation of PlLA to increase the overall crystallinity of the
polymer matrix. This phenomenon has been previously observed in copolymers of
PLA and PCL. Therefore, the enzymatic degradation of the copolymers were slower
than that of the homopolymers.136,161,162
The catalytic and enzymatic degradation proles of PlLA were tuned by copoly-





P2HEB, polymers 1 to 4 and the diblock and triblock copolymers were characterised
to determine their thermal and mechanical properties in addition to identifying their
crystal structures and morphologies.
Dierential scanning calorimetry and thermogravimetric analysis was used to
understand the thermal transitions and degradation limits of the studied polymers.
The mechanical properties of the polymers, specically the storage modulus, was
measured through dynamic mechanical analysis. In addition to obtaining the ther-
mal and mechanical properties of the polymers, the morphologies were also studied
under scanning electron microscopy and atomic force microscopy.
The work presented in this chapter was part of a collaboration with Dr Erlantz
Lizundia at the University of Basque Country. The thermal and mechanical char-
acterisation of P2HEB homopolymers, diblock copolymer 1, triblock copolymer 2
and the PlLA/P2HEB blends, were carried out by Dr Erlantz Lizundia. Their mor-
phologies and crystal structures were characterised by Dr Aitor Larrañaga (from
the University of Basque Country). The work here is presented in the following two
publications:
1. Thermal, structural and degradation properties of an aromaticaliphatic polyester
built through ring-opening polymerisation, Lizundia, E., Makwana, V. A., Lar-
rañaga, A., Vilas, J. L. and Shaver, M. P., Polym. Chem., 2017, 8, 3530-3538
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2. Thermal, optical and structural properties of blocks and blends of PLA and
P2HEB, Makwana, V. A., Lizundia, E., Larrañaga, A., Vilas, J. L. and Shaver,
M. P., Green Materials, 2018, 6:3, 85-96
The thermal and mechanical property and morphology studies of polymers 1 to 4
and their blends were carried out by myself on my placement visit to the University
of Basque Country and resulted in the following publication:
Kinetic, thermal, structural and degradation studies on the eect ofmeta-substituted
aromatic-aliphatic polyesters built through ring-opening polymerisation, Makwana,
V. A., Lizundia, E., Larrañaga, A. and Vilas, J. L., Polym. Degrad. Stab., 2019,
169, 108984
4.1 Results and Discussion
4.1.1 Thermal Analysis
Dierential Scanning Caliometry
The thermal transitions of P2HEB of the dierent molecular weights were probed
using dierential scanning caliometry (DSC). Upon heating P2HEB of 11,000 g
mol−1 at a heating rate of 10 ◦C min−1 two endothermic events were observed
(Figure 4.1); the second order transition at 26.5 ◦C, denoted as the Tg, and the well-
dened rst order transition centred at 68.8 ◦C, denoted as Tm. The narrow melting
curve suggested a narrow distribution of crystals within the polymer matrix.165 The
absence of an exothermic event typically between the Tg and the Tm, correlating to
the cold-crystallisation temperature (Tcc), suggested that further crystallisation of
the polymer did not occur.
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Figure 4.1: First and second heating scans of P2HEB of molecular weight 11,000 g
mol−1.
Upon cooling the polymer and applying a second heat scan, a Tg at 30.8 ◦C
without a Tm was observed (Figure 4.1). The Tg is a result of the vibrational
energy in the amorphous region of the polymer matrix, whereas the Tm is a result
of the melting of the crystalline region. The absence of a Tm in the second heating
scans indicated that P2HEB was unable to crystallise upon cooling, once previously
melted above the Tm into a fully amorphous matrix.
Figure 4.2: First heating scan of P2HEB of molecular weight 11,000, 40,000 and
80,000 g mol−1.
The eect of the molecular weight on the thermal transitions of P2HEB was
investigated (Figure 4.2). P2HEB of molecular weight 40,000 and 80,000 g mol−1
exhibited slightly higher Tg's of 27.9 ◦C and 33.4 ◦C respectively. The Tm's also
increased to 76.8 ◦C and 74.9 ◦C respectively.
Polymer 1 demonstrated similar thermal transitions, where the rst heating scan
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Figure 4.3: First and second heating scans of polymer 1.
showed a Tm centred at 65.8 ◦C. However, unlike P2HEB there was no clear presence
of a Tg in the rst scan, this could be due to the overlapping of the Tg and the Tm
or a highly crystalline sample (Figure 4.3). Applying a second heating scan, after
cooling down from melt, showed a Tg at 42.5 ◦C with the absence of a Tm, indicating
poor crystallisation ability, similar to P2HEB.
Figure 4.4: First and second heating scans of polymer 2.
Polymer 2 (Figure 4.4) and 3 (Figure 4.5) followed the same trend where the rst
heating scans showed a Tg at 52.3 ◦C and 55.6 ◦C and a Tm at 108.5 ◦C and 130.6
◦C respectively. Upon cooling and applying a second heat scan, both polymer 2 and
3 showed poor crystallisation ability with the absence of a Tm, however exhibited a
Tg at 29.7 ◦C and 39.4 ◦C respectively.
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Figure 4.5: First and second heating scans of polymer 3.
Figure 4.6: First and second heating scans of polymer 4.
Polymer 4 however, showed good crystallisation ability, where a Tm centred at
182.6 ◦C was observed in the second heating scan with a Tg at 60.7 ◦C (Figure 4.6). A
closer look at the second heating scan revealed an exothermic event centred at 136.4
◦C, denoted as Tcc, suggesting the polymer matrix was undergoing crystallisation
to a new crystalline state, hence the presence of a Tm in the second heating scan.
The values of thermal transitions in the rst heating scan were similar to that of the
second heating scan with the Tg at 57.5 ◦C and the Tm at 189.1 ◦C. The melting
curves of polymers 1 to 4 show either a shoulder or more than one distinct melting
curve. This suggests that more than one degree of crystallinity is present in the
polymer matrix.
The nature and degree of crystallinity in polymer 1 to 4 and P2HEB diers in the
nascent form and after melting above their respective Tm. This has previously been
observed for materials such as ultra-high molecular weight polyethylene,166 poly-
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oxymethylene,167, and heterotactic polylactide,168 where upon melting and cooling
the polymer chains entangle and order themselves to a state with an energy mini-
mum typically higher than that of the original state. Polymer 1 to 4 and P2HEB
are obtained as powders and exhibit a high degree of crystallinity, as evident by
the presence of the melting curve in the rst heating scan. ROP to aord these
polymers aid in crystalline growth, where the polymer chains are organised into
regular segments through dynamic chain sliding diusion via disentanglement and
rearrangement into larger regular crystals.169 Several factors such as temperature,
concentration, pressure and solvent inuence the crystallisation process, albeit the
presence of a catalyst typically lowers the energy barrier to crystallisation.170 When
polymer 1 to 4 and P2HEB are heated above their respective Tm, the nascent crys-
talline structure is lost and only in the case of polymer 4 does recrystallisation into
a new crystalline structure occur.
To gain more information on the thermal transitions, isothermal treatments at
dierent temperatures were carried out, with the attempt to induce crystallisation
at an optimum temperature between Tg and Tm.
Figure 4.7: Isothermal treatment of a) P2HEB of molecular weight 11,000 and 40,000
g mol−1 at 40 ◦C and b) P2HEB of molecular weight 11,000 g mol−1 at dierent
temperatures.
P2HEB of 11,000 and 40,000 g mol−1 were isothermally treated at 40 ◦C for
200 minutes to show a subtle exothermic crystallisation event after 18 minutes for
P2HEB of 11,000 g mol−1. The absence of the exothermic peak with P2HEB of
40,000 g mol−1 indicated that higher molecular weight P2HEB has a lower degree
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of crystallisation ability, due to the decreased chain mobility of the longer chains
being unable to rearrange and reorder with ease and thus a lower crystallisation
capacity.171,172 P2HEB of molecular weight 11,000 g mol−1 was also isothermally
treated at 45, 50 and 55 ◦C showing that 40 ◦C was the most ecient at recrystalising
the polymer (Figure 4.7).
Figure 4.8: Isothermal treatments of a) polymer 1 at 55 ◦C, b) polymer 2 at 60 ◦C,
c) polymer 3 at 80 ◦C and d) polymer 4 at 90, 110 and 130 ◦C.
Polymer 1 was subjected to isothermal treatment at 55 ◦C to show an exothermic
crystallisation event within 25 minutes. Similar was observed for polymer 4, where
after being isothermally treated at 110 ◦C and 130 ◦C , an exothermic crystallisa-
tion event was observed after 25 minutes and 20 minutes respectively. Isothermal
treatment of polymer 4 at 90 ◦C however showed no sign of crystallisation in the
time frame of the rst plot (Figure 4.8).
A closer look at the isothermally treated polymer 4 at 90 ◦ showed crystallisation
taking place over a time scale of 3 hours and 3 minutes (183 minutes) (Figure 4.9).
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Figure 4.9: A Closer analysis of polymer 4 isothermally treated at 90 ◦C.
Polymer 2 and 3 also showed no sign of crystallisation, even after 300 minutes,
indicating these two polymers had the lowest crystallisation ability (Figure 4.8).
Figure 4.10: Second heating scan of polymers 1 to 4 after isothermal treatment.
Analysing the second heating scans of polymers 1 to 4 after isothermal treatment
showed no Tm for polymer 2 due to the lack of an exothermic crystallisation event
(Figure 4.10). Polymer 1 also showed no Tm, albeit the observed crystallisation
event, suggesting the energy of Tcc was insucient to induce crystallisation in the
polymer matrix (Table 4.1). Polymer 3 and 4 both showed Tm's, even though poly-
mer 3 had no exothermic crystallisation event. Multiple melting curves of polymer
3 and 4 in the second heating scan were observed, supporting the idea of more than
one degree of crystallinity being present in the polymer matrix.
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Table 4.1: Main thermal transition temperatures of polymers 1 to 4 when subjected
to isothermal treatments. Enthalpy of cold crystallisation (∆Hcc) and enthalpy of
fusion (∆Hm).
First Heating Scan Second Heating Scan
∆Hm (Jg−1) ∆Hm (Jg−1) ∆Hcc (Jg−1)
Polymer 1 29.3 -0.89 -
Polymer 2 44.6 - -
Polymer 3 46.2 -0.44 1st Peak = 23.7, 2nd Peak = 3.9
Polymer 4 at 90 ◦C 1st Peak = 3.2, 2nd Peak = 28.9 -28.7 1st Peak = 5.8, 2nd Peak = 6.9




A closer look at polymer 4 shows the fastest crystallisation occurring at 130
◦C, this is the optimum temperature for crystallisation as increasing the isothermal
treatment to 140 ◦C decreased the rate at which crystallisation was occurring to 33
minutes (Figure 4.11).
Figure 4.11: Isothermal treatment of polymer 4 at 140 ◦C.
Dierent heating rates were also applied to P2HEB to study the eect on the
rate of heating on the thermal transitions (Figure 4.12), as it was predicted that
an increase in the rate of heating would lead to increased values of the thermal
transitions. The values of Tm were not signicantly dierent, however the melting
curves were more well-dened due to the rate at which thermal energy was being
transferred to the pan and the sample.173
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Figure 4.12: First heating scans of P2HEB of molecular weight 11,000 g mol−1 at
dierent heating rates.
The area under the melting curve and the cold-crystallisation curve provides
information on the energy, specically the enthalpy of fusion, ∆Hm, and the en-
thalpy of cold-crystallisation, ∆Hcc, of each polymer system. As only polymer 4
recrystallised, the energy between Tm from the rst and second scans were com-
pared (Table 4.2). A signicant reduction in energy during the second heating scan
was observed, suggesting that the new crystalline state formed had a notably lower
degree of crystallinity.
Table 4.2: Main thermal transition temperatures of polymers 1 to 4 and P2HEB.
First Heating Scan Second Heating Scan
∆Hm (Jg−1) ∆Hm (Jg−1) ∆Hcc (Jg−1)
Polymer 1 29.4 - -
Polymer 2 45.5 - -
Polymer 3 41.9 - -
Polymer 4 1st Peak = 3.0, 2nd Peak = 29.7 5.34 -6.4
P2HEB 29.8 - -
Analysing the energies obtained from the isothermal studies, indicated that the
exothermic and endothermic events in the second scan were signicantly less than
that of the rst heating scans, due to the loss of the nascent crystalline structures.
The thermal transitions of polymer 1 to 4 and P2HEB of 11,000 g mol−1 were
compared (Figure 4.13). The substituent eects on the thermal transitions of the
polymers are hidden in the intermolecular interactions. Comparing the rst heating
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Figure 4.13: Combined plot of the rst heating scans for polymers 1 to 4 and
P2HEB.
scans of polymers 1 to 4 and P2HEB, it can be seen that as the σmeta increases, the
Tm's also increase in the same fashion. σmeta inuences the electron density in the
aromatic ring, where a smaller σmeta from an electron donating group would lead
to an increase in electron density in the aromatic ring and repel adjacent aromatic
rings, thus destabilising the π-π interactions and eecting the packing of the polymer
matrix, the opposite is true for the electron withdrawing groups. The dierences in
electron density in the aromatic ring inuences the strength of interactions between
adjacent rings as well as the degree of packing and the degree of crystallinity. This is
a common concept which has been explained through the Hunter-Sanders model.130
Polymer 1, with the lowest σmeta value of -0.069, displayed a Tm at 65.9 ◦C. The Tm
increased to 68.9 ◦C for P2HEB where σmeta also increases to 0. A further increase
in the σmeta value to 0.115 for polymer 2 led to an increase in the Tm to 108.5 ◦C.
The same trend is observed for polymer 3 and 4, with σmeta values of 0.337 and
0.391 respectively, showing Tm at 130.6 ◦C and 189.1 ◦C respectively.129 It is worth
noting that the σmeta values associated with the packing and crystallinity of the
sample aect the melting points of the resultant polymers, allowing one to tune the
thermal properties of the polymers through altering the substituents.
Comparing the Tg's of polymers 1 to 4 and P2HEB in the second heating scan,
it can be seen that the Tg does not follow the same trend as the Tm (Figure 4.14).
Polymers 2 to 4 and P2HEB follow the predicted trend, where increasing in the
electronic substituent parameter leads to an increase in the Tg. However, polymer
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Figure 4.14: Combined plot of the second heating scans for polymers 1 to 4 and
P2HEB
1 had the second highest Tg. Other factors in addition to the degree of packing
inuence the value of Tg, where chain mobility, exibility and other interactions
including hydrogen bonding and halogen bonding play a larger role. These inter-
actions also inuence the Tm however to a lesser extent. The more immobile and
restricted the polymer chain is the higher the Tg and this can be introduced in the
form of sterics and intermolecular forces.174
Thermogravimetric Analysis
Thermogravimetric analysis (TGA) was performed on polymers 1 to 4 and P2HEB
of all three molecular weights to understand the thermal stability and the processing
window of the polymers. The change in weight of the sample over a temperature
period of 25 ◦C to 500 ◦C under a N2 atmosphere was recorded at dierent heating
rates and the data was analysed to give the thermal degradation behaviour of the
polymers.
At a heating rate of 1 ◦C min−1 the onset of thermal degradation for P2HEB of
11,000 g mol−1, denoted by the rst 5 % weight loss (T5%), occurred at 145.6 ◦C,
where 91 % weight loss was observed. This increased to 165.4 ◦C with an increase
in heating rate to 5 ◦C min−1 and a further increase to 183.2 ◦C and 196.4 ◦C for
heating rates of 10 ◦C min−1 and 20 ◦C min−1 respectively (Figure 4.15). The same
trends are observed for polymers 1 to 4, where an increase in the heating rate led
to an increase in T5% (Figure 4.16).
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Figure 4.15: Thermogravimetric traces of P2HEB at dierent heating rates.
Polymer 1 showed an onset thermal degradation increase from 212.9 ◦C to 271.7
◦C at a heating rate of 2 ◦C min−1 and 20 ◦C min−1 respectively. Polymer 2 showed
an increase in onset of thermal degradation from 210.3 ◦C at a heating rate of 2 ◦C
min−1 to 263.4 ◦C at a heating rate of 20 ◦C min−1.
Polymer 3 and 4 followed the same trend, where increasing the heating rate from
2 ◦C min−1 to 20 ◦C min−1 led to an increase in the onset of thermal degradation
from 209.5 ◦C to 262.3 ◦C for polymer 3 and from 199.3 ◦C to 253.5 ◦C for polymer
4.
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Figure 4.16: Thermogravimetric traces of a) polymer 1, b) polymer 2, c) polymer
3 and d) polymer 4 at dierent heating rates.
Upon increasing the molecular weight of P2HEB to 40,000 and 80,000 g mol−1
the onset of thermal degradation increased from 183.2 ◦C for 11,000 g mol−1 to 185.2
◦C for 40,000 g mol−1 and to 191.3 ◦C for 80,000 g mol−1 at a heating rate of 10
◦C min−1. A shift of the onset of thermal degradation of approximately 9 ◦C from
P2HEB of 11,000 g mol−1 to 80,000 g mol−1 suggests the independence of molecular
weight on the thermal stability of this particular polymeric system.
A closer look at the degradation proles of polymer 2 and 4 showed an increase
in sample weight during the early temperatures, typically indicative of oxidation
occurring in a sample. To monitor the possibility of oxidation, polymer 2 and 4 were
subjected to thermal degradation studies under an O2 atmosphere to encourage any
oxidation processes (Figure 4.17). It can be seen upon analysis that no oxidation
occurred as evident by no further increase in the sample weight.
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(a) Polymer 2 under O2 (b) Polymer 4 under O2
Figure 4.17: Thermogravimetric traces of a) polymer 2 and b) polymer 4 under O2.
The thermal degradation of polymers 1 to 4 and P2HEB occurred at signicantly
lower temperatures than for other polyesters such as PlLA, where at a heating rate
of 10 ◦C min−1 T5% was observed at 290.5 ◦C.149, and for PCL and poly(lactide-co-
caprolactone) (PLCL), where T5% was observed at 339.8 ◦C and 274.5 ◦C respec-
tively.175
The rate of change of the sample weight was investigated for the polymers under
a N2 atmosphere by taking the rst derivatives of each thermal degradation analysis
(Figure 4.18). The maximum degradation (Tpeak) was inuenced by the heating rate
showing an increase from 188.9 ◦C to 256 ◦C for heating rates of 1 ◦C min−1 and 20
◦C min−1 for P2HEB of 11,000 g mol−1. A similar trend was observed for polymers
1 to 4, the values of Tpeak are expressed in Table 4.3.
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Table 4.3: T5%, Tpeak and DTGmax (maximum degradation rate) values for polymers
1 to 4 at heating rates of 2, 5, 10 and 20 ◦C min−1.
Polymer Heating Rate (◦C min−1) T5% (
◦C) Tpeak (
◦C) DTGmax
1 2 213.8 248.3 -0.0325
5 228.7 267.7 -0.0271
10 255.4 302.8 -0.0209
20 268.4 314.3 -0.0201
2 2 211.2 245.5 -0.0285
5 288.7 265.5 -0.0272
10 251.9 292.5 -0.0244
20 259.6 303.7 -0.0195
3 2 210.1 241.7 -0.0294
5 229.9 265.5 -0.0208
10 243.2 283.9 -0.0230
20 261.8 308.1 -0.0237
4 2 200.8 234.4 -0.0291
5 220.4 256.6 -0.0305
10 234.9 275.8 -0.0274
20 252.2 293.2 -0.0246
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Figure 4.18: First derivatives of the thermogravimetric traces of a) polymer 1, b)
polymer 2, c) P2HEB, d) polymer 3 and e) polymer 4 at dierent heating rates.
The Tpeak values obtained for each polymer at dierent heating rates from the
rst derivative plots allows information about the energies in the polymeric system
and their behaviour to be studied. The activation energy (Ea), of the system, gives
an insight into the reactivity of the polymers to degradation. Ea can be calculated
using the Kissinger equation. The Kissinger equation calculates the average acti-
vation energy of the polymeric system, whereas the Ozawa equation calculates the
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activation energy prole of the polymeric system. The Kissinger equation utilises
the Tpeak obtained from the rst derivatives of the dierent heating rates and plots
ln(β/T2max) as a function of 1/Tmax. The activation energy was calculated from
the slopes in Figure 4.19 using Equation 4.1, where β is the heating rate, A is the
pre-exponential factor, α is the maximum conversion, n is the reaction order and R











Figure 4.19: A plot of ln(β/T2peak) vs 1/Tpeak to calculate the activation energy for
polymers 1 to 4 and P2HEB.
The average activation energies obtained for polymers 1 to 4 and P2HEB cor-
relate well with their respective Hammett constants, where polymer 1 with a σmeta
value of -0.069 had the lowest activation energy of 78.9 ± 0.7 kJ mol−1. An in-
crease in the σmeta value of P2HEB to 0, resulted in an increase in the activation
energy to 79.7 ± 6.5 kJ mol−1 from 78.9 ± 0.7 kJ mol−1 . The trend followed for
polymers 2, 3 and 4, where the σmeta values of 0.115, 0.337 and 0.391 respectively
led to activation energies of 82.7 ± 1.1 kJ mol−1, 84.1 ± 0.1 kJ mol−1 and 85.7 ±
0.1 kJ mol−1 respectively. The increase in activation energy with σmeta is evident,
however it is important to note that the dierences in activation energy are small
with overlapping standard deviations.
Increasing the molecular weight of P2HEB to 80,000 g mol−1 resulted in a slight
increase in activation energy to 84.1 ± 9.3 kJ mol−1, this is observed in other poly-
111
meric systems such as polystyrene and poly(phenylene sulphide ether) where an
increase in molecular weight leads to an increase in thermal stability and Ea.176,177
The calculated activation energies remain well below the calculated activation
energies found for other polyesters such as PCL (228.9 kJ mol−1) or PLCL (136.3
kJ mol−1),175 PlLA (100.8-163.8 kJ mol−1)149,175 and PET (120 ± 12 kJ mol−1).178
The lower activation energies obtained for polymer 1 to 4 and P2HEB conrm their
relatively low thermal stability. The thermal stability of polymer is inuenced by the
degree of crystallinty, molecular weight and chemical structure, where aromaticity
increases thermal stability through π-π interactions and the amount of oxygen atoms
present decreases thermal stability.179 In the case of polymer 1 to 4 and P2HEB the
aromatic rings are ortho linked, leading to a less ecient form of π-π interactions
compared to that of PET. It is also important to note that the molecular weights of
polymer 1 to 4 and P2HEB dier from the other polyesters reported in literature.
Considering the relatively low thermal stability of these polymers, when pro-
cessing the material careful attention needs to be paid to ensure that the working
temperature is in the narrow processing window.
4.1.2 Dynamic Mechanical Analysis
Dynamic mechanical analysis (DMA) is a powerful technique that allows the storage
and loss modulus as well the stress and strain of a polymeric material to be probed as
a function of temperature. In order for successful analysis of the polymeric materials,
they need to be processed into lms, via solvent casting using chloroform, to a known
thickness of 200 µm. However, polymers 1 to 4 and P2HEB of molecular weight
11,000 and 40,000 g mol−1 demonstrated diculty in forming a uniform lm due
to the brittleness observed. The low molecular weights contribute to the diculty
in forming lms due to the lack of chain entanglement which typically aids in lm
formation.
A P2HEB lm of molecular weight 80,000 g mol−1 was subjected to DMA in
tensile mode (stretching of the polymer lm under stress with varying temperature).
Prior to probing the dynamic mechanical properties as a function of temperature, the
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linear viscoelastic region (LVR) of the lm was studied via a dynamic strain sweep
experiment over the 0.001-10 % range (Figure 4.29). The importance of studying
the LVR of a polymer system is to determine the strain range where the observed
viscoelastic properties remain independent of imposed forces.
Figure 4.20: Stress strain sweep to determine the linear viscoelastic region of P2HEB
of molecular weight 80,000 g mol−1.
The LVR of P2HEB was studied at 0 ◦C, below the Tg, and the percentage strain
in which the storage modulus (E') dropped due to overstrain was observed at 0.4 %,
indicating the elastic structure of P2HEB would be lost if the lm was subjected to
further strain. Therefore, the chosen displacement to carry out further experiments
on the P2HEB lm was set at 0.4 %.
Figure 4.21: DMA of P2HEB of molecular weight 80,000 g mol−1 with a) the storage
modulus and b) the tan δ against temperature.
At temperatures below the Tg of P2HEB it demonstrates a storage modulus of
1050 MPa with a rigid, glassy behaviour independent of the applied temperature.
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Below Tg the maximum tan δ value is 0.17, which is ten times smaller than that
observed for PlLA,180 indicating the material would be elastic, where the storage
modulus is high, and the loss modulus is low (Figure 4.21). Tan δ is the damping
factor and is a ratio between the loss modulus (E) and the storage modulus (E'),
where the storage modulus is related to the elasticity in the material and the loss
modulus is related to the viscous part of the material. Tan δ monitors the way
energy is lost in a material due to internal friction and molecular rearrangements.
Upon increasing the temperature from -20 ◦C to 40 ◦C, the storage modulus
decreases, leading to an increase in tan δ, indicating that the polymer is exhibiting
a rubber-like behaviour which is indicative of a highly viscous material. The storage
modulus decreases even further when the temperature reaches 42 ◦C, above the Tg,
this is due to the increase in molecular mobility and is denoted as the α relaxation
mode. The low tan δ below Tg suggests the presence of highly ordered domains,
providing stiness to the whole material, having poor energy dissipation.181,182 Tan
δ is highest at Tg where the contribution of the loss modulus is higher than that of
the storage modulus. Tan δ maximum is centred at 23 ◦C, correlating well with the
Tg value obtained via DSC.
Further increasing the temperature resulted in the dramatic decrease in the stor-
age modulus correlating to the melting of the polymer. The temperatures of the Tg
and Tm being in close proximity to each other eliminate the possibility of observing
a rubbery plateau that is typically found in other polyesters. The rubbery plateau
is observed between the Tg and Tm and is a result of chain entanglement. The
entanglement of the polymer chains in this temperature range allows the polymer
to enter a rubbery state where there is sucient vibrational energy in the system to
rotate the polymer chains without causing translational motion, corresponding to
the Tm.174,183
The storage modulus of P2HEB below Tg of 1050 MPa is still more than half
of traditional petro-based polymers such as PMMA or other polyesters such as
PlLA.180,184 The marked decrease in storage modulus near physiological tempera-
ture (37 ◦C) highlights the potential of P2HEB to be used for biomedical applica-
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tions.
4.1.3 Wide Angle X-Ray Diraction
Figure 4.22: Wide angle X-ray scattering of a) polymer 1, b) polymer 2, c) P2HEB,
d) polymer 3 and e) polymer 4 from a 2θ range of 5θ to 55θ.
The crystalline structure of polymers 1 to 4 and P2HEB were studied using
wide angle X-ray diraction (WAXD) (Figure 4.22). WAXD utilises the diraction
pattern caused by the polymer sample, where the scattering intensity as a function of
the angle at which the X-ray source is positioned gives information about the degree
of crystallinity of the polymer sample as well as information about the symmetry
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and unit cell parameters.
Powder forms of polymer 1 to 4 and P2HEB were placed on a sample holder,
typically made from a single crystal of silicone which displays one distinct refraction
peak and placed on a plate inside of the instrument. The plate rotates 360 ◦ to
ensure an accurate representation of the sample can be obtained. The X-ray source
and the detector are positioned at angle, θ, and each measurement or scan is taken
at every 0.02626 θ from a range of 5θ to 60θ, where 2θ is the overall angle of the
X-ray source and detector combined.
The scattering intensity of the polymer sample is plotted as a function of 2θ
and the peaks are mathematically deconvoluted to obtain the exact 2θ values of
each peak using the peak t option in WinPLOTr. A simulated trace that closely
matches that of the original plotted data is then generated. These 2θ values are then
evaluated using the software TREOR and DICVOL to index the powder diraction
patterns and generate unit cell parameters from the peak positions, denoted by 2θ.
The trace is simulated again using the cell parameters generated by the software,
this process is repeated, and each parameter is optimised until the observed data
and the calculated/simulated data are in good agreement.
The unit cell parameters are determined through Bragg's Law (Equation 4.2),
where d is the lattice interplanar spacing of the crystal at angle θ and λ is the
wavelength (typically xed). h,k,l are miller indices and correspond to the size
and shape of the unit cell being analysed. The angle at which the peaks appear
on the powder pattern can be extracted and used to calculate the miller indicates
corresponding to the plane restrictions in the sample and to gain information on the






P2HEB is an unexplored polymeric system and therefore previous starting pa-
rameters were unknown. Initially the Powder Diraction File (PDF) database
aided in the identication of the phases of P2HEB along with PANalyticalX' Pert
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High Score (a search-match program to interpret the raw X-ray data using known
databases). However, the results obtained for P2HEB did not correlate to any
known phases. Further testing of the chemical conguration using CSD database
Cambridge Crystallographic Data Centre (CCDC)186 also showed no correlation to
known data. The data was therefore extracted and manipulated using TREOR and
DICVOL with WinPLOTR to gain further information on the unknown powder
diraction patterns.
The results obtained for P2HEB, upon calculation, generated the initial unit cell
parameters of a=b=7.48 Å c=23.28 Å, indicating a tetragonal symmetry. Through
optimisation and renement of the unit cell parameters, backgrounds, systematic 2θ
shifts, and peak shapes (pseudo-Voigt using a convolution of a Gaussian and Cauchy-
Lorentz distribution or Cagliotis using the Cagliotis formula to understand how the
full width at half maximum varies with θ) via the program FULLPROF187189 the
nal unit cell parameters were a=b=7.494(2) Å and c=23.19(1) Å. The calculated
and experimental data were in good agreement with the nal reliability factors be-
ing Rp: 12.8, Rwp: 13.1, Rexp: 3.14, Chi2: 17.4 and Bragg R-factor: 0.206. The Rp
(prole residual), Rwp (weighted prole residual) and Rexp (expected prole residual)
values are the Rietveld renement parameters that give insight into how well the
model data ts the observed data by minimising the dierence between the calcu-
lated prole and the observed data. The Bragg R-factor is the goodness of t that
encompasses the other Rietveld renement parameters.187 It is important to note
that molecular weight did not aect these values.
The sharp diraction signals at low 2θ suggest a highly crystalline sample with
long range ordering, however the broad diraction signals at high 2θ suggests poor
short-range ordering and possible molecular conformation disorder. This observation
is independent of the molecular weight of P2HEB.
A similar diraction pattern at high 2θ values was observed in polymer 2 where
the broad diraction signal indicated polymer chain conformation disorder. How-
ever, at low 2θ values, the low intensity and high full width at half maximum signals
indicated lower degree of crystallinity compared to that of P2HEB, possibly due to
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the molecular packing disorder, as supported by the larger unit cell parameters of
a=b=7.75 Å and c=25.53 Å.
Polymer 4, similar to polymer 2 and P2HEB, displayed polymer chain conforma-
tion disorder at high 2θ values. At low 2θ values however, the low intensity signals
suggest poor or no long-range ordering in the polymeric system. On the other hand,
the full width at half maximum signals indicated a degree of anisotropy in the sys-
tem, due to the asymmetrical peak shape, with unit cell parameters of a=b=7.46 Å
and c=23.83 Å.
Polymer 1 and 3 demonstrated unique crystal structures, with splitting of the
signals at low 2θ values. This related to the packing distances of the molecules,
indicating the presence of more than one type of conformation. Polymer 1 demon-
strated two dierent packing distances in the z plane with two-unit cell parameters
varying in lattice constant c where c=25.72 Å and 28.39 Å, whilst a=b=7.29 Å.
Polymer 3 on the other hand, showed an average lattice constant c of 20.35 Å and
varied lattice constants a and b, where in one a=b=7.32 Å and the other a=b=7.74
Å.
Figure 4.23: Cartoon representation of one of the many possible congurations of
the molecules in each polymeric system.
A suggested cartoon representation of one of the many possible conformations
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are displayed for each of the polymers in Figure 4.23. The z plane is related to the
lattice constant c, where the x and y planes are related to the lattice constants a and
b respectively. Polymer 1 had two-unit cell parameters indicating dierent stacking
distances, where one was closer than the other. This could be due to the dierence
in the orientation of the packing where the larger unit cell parameter is attributed
to the steric clashing of the methyl groups. This phenomenon can be explained
through parallel and anti-parallel orientation of the polymer chains (Figure 4.24,
where anti-parallel would result in a larger unit cell parameter.
Figure 4.24: Cartoon representation of parallel and anti-parallel polymer chains in
polymer 1 where the arrows represent the polymer backbone and the red circles
represent the methyl groups causing steric repulsion in the anti-parallel example.
Polymer 2 was very similar to P2HEB, where the stacking was clear and the same
distance throughout the analysed sample. However, in polymer 2 the stacking was
further apart. Polymer 3 similarly had, on average, the same packing throughout,
however the two-unit cell parameters suggested that one region was more ordered
and tightly packed than the other. Polymer 4, unlike the others, had no ordering
and was suggested to be anisotropic.
The crystalline behaviour of polymers 1 to 4 and P2HEB were conned to the
00L and 10L planes suggesting a highly crystalline lamellar structure, specically of
20 x 30 nm for P2HEB. The 00L plane is related to the π-π stacking in the polymeric
systems where only the l miller index is changing. Although P2HEB shows a highly
crystalline structure, there are amorphous regions in the 0k0 plane that cloud the
overall crystallinity of the sample.167
Upon a closer look at the lattice constant c for polymers 1 to 4 and P2HEB in
relation to their Hammett constants, it is predicted that an increase in σmeta would
lead to enhancement in π-π stacking. The exceptions to the trend are polymer 2
and 4 where their lattice constants are 25.53 Å and 23.83 Å respectively. Polymer 1
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with the lowest σmeta value has the largest distant between the stacking of c=28.39 Å
and increasing the σmeta values for P2HEB and further for polymer 3, the distances
between the stacking decreases to c= 23.19 Å and 20.35 Å respectively.
The exceptions of polymer 2 and 4 are attributed to the size of the atoms.
Fluorine has the smallest atomic radius of 0.42 Å and polymer 3 has the smallest
lattice constant c. The trend follows with hydrogen and bromine having an atomic
radius of 0.53 Å and 0.94 Å respectively.190
Taking the atomic radii into account, the trend observed for the Hammett con-
stant can be better interpreted. Even though polymer 4 is predicted to have the
smallest packing distance, the size of the bromine atom being signicantly larger
than the uorine atom causes steric repulsion between adjacent aromatic rings as
well as adjacent bromine atoms and thus a larger packing distance. The case is the
same for the methoxy group in polymer 2 where a packing distance less than P2HEB
is predicted, however due to the steric size of the methoxy group over a hydrogen
atom, the packing distance was greater.
Polymers 1 to 4 were subjected to high temperature X-ray diraction to monitor
the change in crystallinity upon heating (Figure 4.25). The polymers were heated
from 30 ◦C to 360◦C at a heating rate of 10 ◦C min−1. The disappearance of the
normalised intensity area corresponding to the main 002 plane can be observed
upon heating. The thermal stability of the crystalline phase of P2HEB was at 55
◦C. Further heating resulted in a fully amorphous sample at 90 ◦C where the relative
intensity dropped below 5%.
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Figure 4.25: X-ray diraction as a function of temperature to determine the thermal
stability of the crystalline phase for a) polymer 1, b) polymer 2, c) P2HEB, d)
polymer 3 and e) polymer 4 (the dotted circle shows the appearance of a new
crystalline structure).
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Similar was observed for polymers 1 to 3 where the relative intensities dropped
above a certain temperature denoted by the thermal stability of the crystalline
phases. The thermal stability observed for polymer 1, 2 and 3 were 50 ◦C, 100 ◦C
and 120 ◦C respectively.
Polymer 4 displayed a thermal stability of 180 ◦C, however upon further heating
there was a small window where another crystal structure was observed (dotted
circle in Figure 4.25 e). Integrating the total area of all the signals from this new
crystal structure and comparing it to the total area of all the signals from the original
observed crystal structure it was concluded that the contribution of the new crystal
structure was less than 5 % and was possibly due to defects in the polymeric system.
The thermal stabilities observed for polymers 1 to 4 and P2HEB correlate well
with the Hammett constants and the observed Tm values from DSC.
4.1.4 Copolymers: Thermal Analysis
Copolymers: Dierential Scanning Calorimetry
Figure 4.26: a) First and b) second heating scans of the diblock copolymer 1 and
the triblock copolymer 2 along with their homopolymers.
DSC was used to study the thermal transitions present in diblock copolymer 1
(P2HEB-PlLA) and the triblock copolymer 2 (P2HEB-PlLA-P2HEB) (Figure 4.26).
The rst heating scan of the diblock copolymer 1 displayed an endothermic event
(Tg) at 15.2 ◦C. A further increase in the temperature resulted in the double melt-
ing behaviour of the diblock copolymer 1 at 118.2 ◦C and 157.8 ◦C. The triblock
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copolymer 2 on the other hand displayed a single melting curve at 144.6 ◦C with the
presence of a shoulder at earlier temperatures. This is attributed to the apparent
overlap between the Tg of the copolymer and the Tm of short P2HEB blocks. The
Tg of the triblock copolymer 2 was centred at 39.9 ◦C. The presence of a single Tg
indicated miscibility of the two blocks.
The second heating scan of the diblock copolymer 1 showed a single Tm at 156.9
◦C, due to the poor crystallisation ability of the P2HEB blocks, and a dramatic
increase in the Tg to 42.3 ◦C. The second heating scan also displayed an exothermic
event at 93.6 ◦C corresponding to the Tcc from the PlLA block. The triblock
copolymer 2 showed two melting curves at 130.7 ◦C and 143 ◦C and a single Tg at
41.9 ◦C.
∆Hcc and ∆Hm, determined from the area under the curves, showed the triblock
copolymer 2 to have a greater crystallisation event due to the incorporation of a
larger amount of PlLA (Table 4.4).
Table 4.4: Main thermal transition temperatures of the diblock copolymer 1 and
triblock copolymer 2.
Diblock Copolymer 1 ∆Hcc (Jg
−1) ∆Hm Peak 1 (Jg
−1) ∆Hm Peak 2 (Jg
−1)
1st heating - 79.4 24.8
2nd heating 16.5 - 22.6
Isothermal at 80 ◦C - - 23.6
Triblock Copolymer 2 ∆Hcc (Jg
−1) ∆Hm Peak 1 (Jg
−1) ∆Hm Peak 2 (Jg
−1)
1st heating - - 26.4
2nd heating 21.6 2 18.6
Isothermal at 80 ◦C - - 24.2
The diblock copolymer 1 and the triblock copolymer 2 were subjected to isother-
mal treatments at 80 ◦C to induce crystallisation (Figure 4.27). Upon subjection to
a second heating scan two well-dened endothermic events were observed at 37.9 ◦C
and 156.7 ◦C for the diblock copolymer 1 for the Tg and Tm respectively and at 37.1
◦C and 141.6 ◦C for the triblock copolymer 2 for the Tg and Tm respectively. This
indicated the recrystallisation of only the PlLA block during isothermal treatment,
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supporting previous ndings of the poor crystallisation ability of P2HEB.136
Figure 4.27: Isothermal treatment of the diblock copolymer 1 and the triblock
copolymer 2 at 80 ◦C.
The thermal transitions of the copolymers are lower than that of the PlLA
homopolymer (Tg = 55 ◦C and Tm = 175 ◦C) but higher than that of the P2HEB
homopolymer. The incorporation of P2HEB into PlLA has shown the ability to
tune the thermal properties of the resultant copolymers.
Copolymers: Thermogravimetric Analysis
Figure 4.28: a) Thermogravimetric and b) rst derivative traces of the diblock
copolymer 1 and triblock copolymer 2.
TGA was used to determine the thermal stability of the diblock copolymer 1 and
the triblock copolymer 2. The thermal stability of the copolymers were considerably
higher than that of the P2HEB homopolymer (T5% = 183.2 ◦C), with the diblock
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copolymer 1 having a T5% of 291.2 ◦C and the triblock copolymer 2 having a T5%
of 274.9 ◦C (Figure 4.28 a).
A closer look at the rst derivative of weight loss against temperature (Fig-
ure 4.28 b) also showed the Tpeak of the copolymers being higher than that of the
P2HEB homopolymer due to the incorporation of PlLA units. Incorporation of
PlLA into P2HEB increased the thermal stability of the copolymers, however in-
corporation of P2HEB into PlLA decreased the thermal stability of the copolymers
when compared to the PlLA homopolymer (T5% = 337.7 ◦C and Tpeak = 368.8 ◦C)
(Table 4.5). The presence of small shoulders at earlier temperatures on the rst
derivative curve for the copolymers suggested degradation of the less thermally sta-
ble P2HEB block followed by the degradation of the PlLA block. The dierence in
the DTG peaks of the copolymers and the P2HEB homopolymer shows the ability
to improve the thermal stability of P2HEB through incorporation of PlLA.
Table 4.5: Main thermodegradation parameters of the diblock copolymer 1 and
triblock copolymer 2.
P2HEB Diblock Copolymer 1 Triblock Copolymer 2 PlLA
T5% (
◦C) 180.9 291.2 274.9 337.7
Tpeak (◦C) 242.1 340.5 333.2 368.8
DTGmax -0.021 -0.019 -0.23 -0.031
4.1.5 Copolymers: Dynamic Mechanical Analysis
The mechanical properties of the diblock copolymer 1 and the triblock copolymer
2 lms of 150 µm thickness (obtained through solvent casting) were studied using
DMA in tensile mode. Prior to measurement a dynamic strain sweep experiment
over the 0.001-5 % range was studied to obtain the LVR of the diblock copolymer
1, similar to that of P2HEB (Figure 4.29). The chosen displacement, before the
storage modulus dropped due to over strain, was the same as that for P2HEB at 0.4
%.
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Figure 4.29: Stress strain sweep to determine the linear viscoelastic region of the
diblock copolymer 1.
Figure 4.30: a) DMA of the diblock copolymer 1 and the triblock copolymer 2 and
b) their respective tan δ traces.
Below Tg the copolymers displayed a rigid, glassy behaviour with a storage
modulus of 1178 MPa for the diblock copolymer 1 and 1087 MPa for the triblock
copolymer 2 (Figure 4.30). These were similar values to that observed for their
respective homopolymers, where P2HEB had a storage modulus of 1013 MPa and
PlLA had a storage modulus of 1107 MPa. Increasing the temperature above the
Tg led to a dramatic decrease in the storage modulus and an increase in tan δ, at-
tributed to the sudden increase in chain mobility. Unlike the P2HEB homopolymer,
the copolymers displayed a rubbery plateau before a further drop in the storage
modulus. The PlLA homopolymer displayed an increase in the storage modulus
upon further heating, this corresponds to the crystallisation of the PlLA leading to
a new crystalline state with a storage modulus of 105.4 MPa. The rubbery plateau
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observed in the copolymers could be mistaken for the crystallisation of the PlLA
block with the curve being more subtle due to the P2HEB block inhibiting crys-
tallisation of the PlLA block. However, it is worth noting that the tan δ for the
copolymers did not decrease back to the baseline during the rubbery plateau, un-
like the PlLA homopolymer, suggesting little or no crystallisation was occuring in
the copolymers. The incorporation of P2HEB increased the strain at break of the
copolymer compared to neat PlLA and therefore shows the potential to improve
the inherent brittle nature of PlLA.
4.1.6 Copolymers: Wide Angle X-Ray Diraction
The observations of the crystallisation of only the PlLA block through DSC and
DMA was conrmed using WAXD, where the diraction pattern for the copolymers
predominantly corresponded to the PlLA crystals (Figure 4.31). This was evident
through comparing the angle at which each peak occurred to the PDF database and
calculating the lattice planes. The peaks at 2θ values of 14.8, 16.5, 19.0 and 22.3◦
attributed to (010), (110)/(200), (203) and (015) planes respectively in PlLA.191,192
The crystallisation of only the PlLA block in copolymers has previously been re-
ported by Fernandez et al. where the crystal structure of poly(ω-pentadecalactone-
co-δ-hexalactone) was not able to be determined by WAXD.193
Figure 4.31: Wide angle X-ray scattering for the diblock copolymer 1 and triblock
copolymer 2 at room temperature.
The copolymers were subjected to high temperature X-ray to monitor the change
127
Figure 4.32: X-ray diraction as a function of temperature to determine the thermal
stability of the crystalline phase of the diblock copolymer 1 and triblock copolymer
2.
in crystallinity upon heating (Figure 4.32). The triblock copolymer 2 displayed a
loss of crystallinity in the 110 plane at 145 ◦C. This increased to 160 ◦C for the
diblock copolymer 2. No signicant changes were observed in the temperature range
at which the P2HEB crystals melt (68.8 ◦C to 76.8 ◦C)136, further conrming the
crystallisation of only the PlLA block.
4.1.7 Copolymers: Optical Properties
Figure 4.33: UV-Vis transmittance spectra for neat P2HEB, neat PlLA, the diblock
copolymer 1 and triblock copolymer 2.
UVVis spectroscopy was used to determine the ability of the diblock copolymer
1 and the triblock copolymer 2 to be used in packaging applications. The optical
transparency of PLA is excellent, however the poor UV-absorbing properties of PLA
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limits its use in packaging of food due to reduced food quality and shelf life.194196
Therefore, in order to prevent food photodegradation, biodegradable polymers with
UV-absorbing properties need to be synthesised.
Figure 4.33 shows the transmittance of the diblock copolymer 1 and the triblock
copolymer 2. The diblock copolymer 1 exhibited an optical transparency of 72 %,
determined as the transmission of light from 540-560 nm; ASTM D1746-03 (standard
test method for transparency of plastic).197 A closer look at the curve also displayed
more than 99 % UV-absorbing characteristics, absorbing both UV-A light (λ=315-
400 nm) and UV-B light (λ=280-315 nm). The triblock copolymer 2 displayed
similar characteristics with 75 % optical transparency and more than 98 % UV-A
and UV-B absorbance.
The copolymers showed both optical transparency and UV-absorbing proper-
ties, unlike their respective homopolymers. The PlLA homopolymer had an optical
transparency of 98 % with no UV-absorbing properties, whereas the P2HEB ho-
mopolymer had strong UV-absorbing characteristics with only 60 % optical trans-
parency. The UV-absorption of P2HEB (λmax = 333 nm) is seen in other polymers
containing aromaticity for example poly(4-(2-thiophenyl)styrene) or poly(5- hexyl-
5-(4-vinylphenyl)-2,2':5',2'-terthiophene).198
The optical transparency and the UV-absorbing properties of the diblock copoly-
mer 1 and the triblock copolymer 2 show potential as a sustainable alternative in
packaging applications. The good transparency suggests no macro-phase separa-
tion larger than the studied wavelength of light.199 This may typically be seen with
nanollers (due to diculty in nanocomposite processing) or polymer blends (due
to incompatibility of blending).150,200
4.1.8 Copolymers: Morphology
Scanning electron microscopy (SEM) was used to investigated the extent of macro-
phase or micro-phase separation, as a result of self-assembly, in the diblock copoly-
mer 1 and the triblock copolymer 2.201
SEM works by focusing an electron beam on the sample to emit photon and
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electron signals, where each emitted signal provides unique information about the
sample. X-ray and Auger electrons (emission of a core electron causing an electron
from a higher energy level to fall into the core shell) aid in determining areas of
contrasting chemical composition; primary backscattered electrons (electrons origi-
nating from the beam reected back) give information on the average atomic number
of the area studied; and secondary electrons (emissions of electrons from the sample)
provide topographical information.202
Figure 4.34: SEM images of the cryogenically fractured diblock copolymer 1 and
triblock copolymer 2.
The diblock copolymer 1 and the triblock copolymer 2 display no macro-phase
separation, as evident by the single phase analysed (Figure 4.34). This is attributed
to the strong interaction between the PlLA and P2HEB blocks.
The formation of lamellar, cylindrical and spherical morphologies on a micro-
scale for copolymers is well known and leads to micro-phase separation.201 Atomic
force microscopy (AFM) was used to investigate the presence of micro-phase sepa-
ration.
AFM uses a cantilever, tip and detector to determine the morphology of a sample.
AFM has three modes of function; contact mode, where the tip is in constant contact
with the sample surface; tapping mode, where the tip is in contact with the sample
surface at set intervals; and non-contact mode where the tip and sample do not
touch. The interaction between the tip, attached directly to the cantilever, and the
sample causes atomic scale vibrations and motions that are detected in the cantilever
on a macro-scale. The movement of the cantilever is detected by the detector and
manipulated into an image.203
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Figure 4.35: AFM height (left image in each box) and phase images (right image in
each box) of the diblock copolymer 1 and triblock copolymer 2 at room temperature
and 150 ◦C. Each scale bar represents 200 nm.
In this work, tapping mode AFM was used to better investigate the extent of
micro-phase separation. The analysis was also done at two dierent temperatures to
study the eect of temperature on the phase separation (Figure 4.35). It can be seen
that at room temperature both the diblock copolymer 1 and the triblock copolymer
2 display characteristic micro-phase separation with domain sizes between 40 to 200
nm.204 The AFM height images (left image in each box) correspond to mountains
(bright) and valleys (dark) in the sample, whereas the AFM phase images (right
image in each box) correspond to the hard phase material (bright regions) in the
sample.205
The AFM phase image at room temperature showed the continuous hard phase
(bright) surrounded by soft segments (dark). The hard phase is attributed to the
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PlLA block, whereas the soft segments are attributed to the P2HEB block due to
its lower modulus at room temperature.
Upon increase in temperature to 150 ◦C, the formation of well-dened lamellae
(15 nm thick) were observed in both the diblock copolymer 1 and the triblock
copolymer 2. These lamellae are due to the recrystallisation of the PlLA block
and are surrounded by dark regions of amorphous P2HEB. The formation of a new
crystalline domain is supported by the exothermic Tcc peak observed during DSC
(Figure 4.26).
4.1.9 Blends: Thermal Analysis
Blends: Dierential Scanning Caliometry
In addition to copolymers of P2HEB and PlLA, polymers 1 to 4 and P2HEB were
processed into lms with a 50 % by weight composition of PlLA to aord blends.
The PlLA/P2HEB blends were studied in a range of compositions in addition to
the 50/50 to determine the eect of the composition on the thermal transitions.
Figure 4.36: a) First and b) second heating scans of the PlLA/P2HEB blends of
dierent composition at a heating rate of 10 ◦C min−1.
Upon heating the PlLA/P2HEB blends, two endothermic events were observed
in the DSC trace corresponding to the Tg of P2HEB (between 0 ◦C and 9.2 ◦C) and
the Tm (between 157.2 ◦C and 174.5 ◦C) of PlLA (Figure 4.36). The absence of a
Tg for PlLA suggested high crystallinity of the PlLA fraction, possibly due to the
introduction of P2HEB acting as a nucleating agent, and the absence of a Tm for
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P2HEB could be due to the overlapping Tcc of PlLA or the decrease in crystallinity
of the P2HEB fraction upon blending.
The second heating scan exhibited two distinctive Tg's corresponding to the
P2HEB and PlLA fractions in addition to the Tm for PlLA (with a similar range
to the rst heating scan). An exothermic event was also observed corresponding to
the Tcc of the PlLA fraction between 72.1 ◦C and 84.3 ◦C. The presence of two well-
dened Tg's suggested the immiscibility of the blends.206209 The Tg for P2HEB were
signicantly higher than that of the rst heating scan between 25.1 ◦C and 31.7 ◦C,
close to that of neat P2HEB (26.5 ◦C). The Tg for PlLA however were signicantly
lower than that of neat PlLA (Tg = 59.6 ◦C), ranging from 32.9 ◦C to 46.7 ◦C. The
decrease in the Tg and Tm observed for PlLA suggest that although P2HEB may
act as a nucleating agent, it could also prevent the formation of lamellae structures
of PlLA.149,180,210,211
Small dierences in the thermal transitions of the blends between compositions
was observed and therefore polymers 1 to 4 were blended with a 50/50 composition
(Figure 4.37).
Upon blending polymer 1 with PlLA, a well-dened double Tg was observed,
close to the Tg values of the neat polymers, at 44.4 ◦C, for the polymer 1 fraction,
and 54.9 ◦C for the PlLA fraction. A Tm was not observed for polymer 1 in the rst
heating scan, possibly due to the overlapping Tcc for PlLA at 125.5 ◦C, however a
Tm at 151.8 ◦C was observed for PlLA. The second heating scan showed a similar
trace with a Tg at 49.5 ◦C, for the polymer 1 fraction, and 56.1 ◦C for the PlLA
fraction. A single Tcc and Tm was also observed for PlLA at 96.1 ◦C and 152.8
◦C respectively. The DSC traces of the polymer 1/PlLA blend, similar to P2HEB,
indicated an immiscible system.
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Figure 4.37: DSC traces of PlLA blended with a) polymer 1, b) polymer 2, c)
polymer 3 and d) polymer 4
Immiscibility was also was observed for polymer 2/PlLA, where the rst heating
scan showed a well-dened double Tg at 22.2 ◦C, for the polymer 2 fraction, and
44.1 ◦C for the PlLA fraction. In addition, a Tcc and Tm was also observed for
PlLA at 109.8 ◦C and 147.9 ◦C respectively. The second heating scan, in addition
to the Tm for PlLA at 148.7 ◦C and a Tg at 24.2 ◦C, for the polymer 2 fraction, and
42.1 ◦C for the PlLA fraction, displayed a Tm at 93.8 ◦C and 106.3 ◦C for polymer
2. The double melting curve could be due to the overlap of the Tcc for PlLA.
For polymers 1 and 2 the Tg values in the rst heating scan were distinctively
dierent indicating immiscibility and no interaction with the PlLA counterparts.
However, this was not the case for polymers 3 and 4, where the close proximities
of the Tg values indicated a degree of interaction. Upon heating above the Tm of
polymer 3 and 4 and cooling and applying a second heating scan, it can be observed
that the blend of PlLA with polymer 3 showed a well-dened double Tg at 36.7
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◦C, for the polymer 3 fraction, and 50.5 ◦C for the PlLA fraction. However, with
polymer 4 the Tg's were again very similar to one another. The second heating
scan of the polymer 3/PlLA blend showed a Tm for the polymer 3 fraction at 129.7
◦C, similar to the observation for the polymer2/PlLA blend. The polymer 4/PlLA
blend however displayed a Tm for the polymer 4 fraction in both the rst and second
heating scans at 189.9 ◦C and 175.6 ◦C respectively, suggesting the introduction of
PlLA did not aect the crystallinity of the polymer 4 fraction upon blending.
The dierences in the values of the thermal transitions and the energies of all
the blends respective to their neat polymers indicated that blending had an eect
on the thermal transitions of the individual polymers (Table 4.6. The extent of
immiscibility was investigated futher with SEM, later discussed.
Table 4.6: Main thermal transition temperatures of PlLA blended polymers 1 to 4
and P2HEB.
Polymer PlLA









Polymer 1:PlLA - - - 8.9 -4 5.9 -6.5
Polymer 2:PlLA 1st Peak=2.3,
2nd Peak=3.9 - - 8.3 -4.2 9.2 -5.2
Polymer 3:PlLA 1st Peak=0.2,
2nd Peak=8.1 - - 9.1 -8.2 4.8 -4.5
Polymer 4:PlLA 12.5 1st Peak=0.91,
2nd Peak=0.71 - 10.4 -9.9 12 -8.9
PlLA - - - 6.3 - 0.3 -
Blends: Thermogravimetric Analysis
Thermogravimetric traces and weight loss rates of the P2HEB/PlLA blends indi-
cated a two-step degradation process, denoted by the broader full width at half
maximum of the blends in comparison to the neat polymers (Figure 4.38). A sim-
ilar two-step degradation is observed for PlLA blends with polymers 1 to 4, in-
dicating a more complex degradation mechanism when both polymers are blended
(Figure 4.39).
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Figure 4.38: a) Thermogravimetric and b) rst derivative traces of the
PlLA/P2HEB blends of dierent compositions at a heating rate of 10 ◦C min−1.
The thermal stability of the P2HEB/PlLA blends, as predicted, decrease with
increasing amount of P2HEB. PlLA blends with polymers 1 to 3 show lower stability
than the 50/50 blend with P2HEB, whereas PlLA/polymer 4 demonstrates a higher
thermal stability (Table 4.7 and Table 4.8).
Figure 4.39: a) Thermogravimetric and b) rst derivative traces of the PlLA blended
with polymers 1 to 4.
The introduction of polymer 1 to 4 and P2HEB into PlLA dramatically de-
creases the thermal stability of the blends, leading to a narrower processing window
and therefore careful attention needs to be paid during processing of these materials.
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Table 4.7: Main thermodegradation parameters for PlLA/P2HEB blends of com-
positions at a heating rate of 10 ◦C min−1.
PlLA/P2HEB Blend T5% (
◦C) Tpeak (
◦C) DTGmax
PlLA 332.7 365.7 -0.0421
80/20 266.1 353.7 -0.0277
50/50 222.9 335.5 -0.0167
20/80 196.9 288.9 -0.0122
P2HEB 174.2 241.8 -0.0212
Table 4.8: Main thermodegradation parameters for polymers 1 to 4 blended with a
50 % by weight composition of PlLA at a heating rate of 10 ◦C min−1.
Polymer:PlLA Blend T5% (
◦C) Tpeak (
◦C) DTGmax
PlLA 340.6 369.1 -0.0268
P2HEB:PlLA 227.9 336.2 -0.0206
1:PlLA 184.8 340.2 -0.0122
2:PlLA 102.6 364.22 -0.0122
3:PlLA 86.8 370.7 -0.0114
4:PlLA 252.5 369.1 -0.009
4.1.10 Blends: Dynamic Mechanical Analysis
As with the copolymers and P2HEB the linear viscoelastic region of the blends were
determined, where the optimum percentage strain before dramatic dropping of the
storage modulus was observed at 0.4 % (Figure 4.40).
The DMA of the PlLA/P2HEB blends were performed under tensile mode,
whereas the PlLA blends with polymers 1 to 4 were done under shear mode (rotation
of the polymer lm under stress). The PlLA/P2HEB 50/50 blend was also repeated
in shear mode for comparison (Figure 4.41).
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Figure 4.40: a) DMA of the PlLA/P2HEB blends of dierent composition and b)
their respective tan δ traces.
Figure 4.41: a) DMA of PlLA blended with polymers 1 to 4 and b) their respective
tan δ traces.
The PlLA/P2HEB blends displayed a similar storage modulus to that of neat
PlLA below their respective Tg's. Increasing the temperature to approximately 28
◦C led to a decrease in storage modulus, denoted by the increase in tan δ. Fur-
ther increase in temperature around 62 ◦C resulted in a larger tan δ and a lower
storage modulus. The temperatures in which these α relaxation processes occurred
corresponded to the Tg of the P2HEB and PlLA fractions. Introduction of P2HEB
increased the percentage strain at break of the PlLA fraction, however the presence
of two α relaxation processes, instead of the one observed for the copolymers and
P2HEB, conrms the immiscibility of the blends (Figure 4.40).
The PlLA blends with polymers 2 and 4, showed the storage modulus dropped
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at 25 ◦C and 35 ◦C respectively. At approximately 50 ◦C and 60 ◦C the storage
modulus increased, attributed to the crystallisation of the PlLA fraction, after which
a rubbery plateau is observed until a nal drop upon melting of the blends. The
rubbery plateau is denoted by the material being more viscoelastic with a high tan
δ and a low storage modulus. The rubbery plateau is also observed in polymers 1,
3 and P2HEB with the absence of an increase in the storage modulus prior to it.
In the shear mode the presence of two α relaxation processes is less evident
however a notable increase in the full width at half maximum is observed indicating
immiscibility of the blends.
The dierences in the overall storage modulus of the blends were insignicant
with PlLA/polymer 3 having the largest storage modulus (153.4 MPa). This sug-
gests that blending PlLA with polymers 1 to 4 and P2HEB have no detrimental
impact on the thermal or mechanical stability of PlLA whilst increasing the per-
centage strain at break of PlLA.
4.1.11 Blends: Optical Properties
Figure 4.42: UV-Vis transmittance spectra of a) polymers 1 to 4 and P2HEB and
b) their respective blends with PlLA.
The optical transparency of the homopolymers were investigated and showed,
similar to the copolymers, that polymers 1 to 4 and P2HEB had more than 98 % UV-
A and UV-B absorbing properties with optical transparency of 100 % (Figure 4.42
a).
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Upon blending PlLA with polymers 1 to 4 and P2HEB it was evident that
there was insignicant change in the transmittance values compared to that of the
individual polymers (still being 100 %). The UV-A and UV-B absorbing properties
of the blends however were reduced with the highest being the PlLA/P2HEB blend
at 95 %, followed by PlLA blends with polymers 1 and 3 at 70 % and polymer 2
at 58 % (Figure 4.42 b).
The exception in both cases was polymer 4 which only had an optical trans-
parency of 88 % and UV-A and UV-B absorbing properties of 25%. The optical
transparency increased slightly when blended with PlLA to 92 %, however the UV-
A and UV-B absorbing properties decreased to 15 %.
This application of the blends are very similar to that of the copolymers, where
the strong UV absorbing properties of the aromatic-aliphatic polyesters with the
optical transparency of PlLA allows for packaging applications.
4.1.12 Blends: Morphology
SEM was used to investigate the extent of macro-phase or micro-phase separation
in PlLA blended with P2HEB and polymers 1 to 4. As the immiscibility of the
blends was suggested by DSC and DMA, the blends were not analysed by AFM.
The PlLA/P2HEB blends of dierent composition exhibited macro-phase sepa-
ration with the continuous phase being PlLA and the circular regions being P2HEB
(Figure 4.43). The macro-phase separation was unaected by the introduction of
a compatibiliser, in the form of the diblock copolymer 1. Aggregates of approx-
imately 5-12 µm were observed with the largest being the 80/20 composition of
PlLA/P2HEB. This has been previously seen in other PLA based immiscible blends
such as poly(N -isopropylacrylamide),212 poly[(butylene succinate)-co-adipate],213
PCL,214 or poly(ethylene-co-vinyl acetate).215
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Figure 4.43: SEM images of the cryogenically fractured PlLA/P2HEB blends at
80/20, 50/50 and 20/80 composition. Images in the green box show the morphology
of 50/50 blends having 5, 12.5 and 25 % by weight of the diblock copolymer 1 as a
compatibiliser.
Figure 4.44: SEM images of the cryogenically fractured PlLA blends of polymers 1
to 4.
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Similar morphology was observed for PlLA blends with polymer 1 and 2 with
aggregates of approximately 2-6 µm and 3-18 µm respectively. However, polymers
3 and 4 exhibited a degree of interaction with no clear macro-phase separation
(Figure 4.44). This is supported by the close proximity of Tg values observed by
DSC. The presence of more than one phase conrmed immiscibility of the blends.
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Chapter 5
Conclusion and Future Work
This work has demonstrated the potential to aord a closed loop system with
tunable thermal and mechanical properties to replace commodity plastics.
meta-Substituted benzodioxepinone derivatives, varying in electronic properties,
were successfully synthesised and subjected to ROP along with the unsubstituted
benzodioxepinone, 2,3-DHB, to aord a series of novel aromatic-aliphatic polyesters.
An aluminium salen catalyst and the organocatalyst TBD were used to screen for
optimal polymerisation conditions. ROP with TBD was poorly controlled due to
transesterication, whereas the aluminum salen catalyst produced well controlled
polymerisations, albeit with low monomer to polymer conversions. Probing the
system further gave insight into the monomer-polymer equilibrium, demonstrating
the importance of solubility and concentration in the position of the equilibrium.
The electronic eects of the meta-substituent (denoted by their electronic sub-
stituent parameter) on the rate of polymerisation and depolymerisation were in-
vestigated. The fastest rate of polymerisation was demonstrated by monomer 3
and the slowest by monomer 1. Monomer 2 was predicted to have a faster rate
of polymerisation than 2,3-DHB due to the larger electronic substituent parame-
ter (more electron withdrawing), however upon further investigation it was found
that the polymerisation was being limited due to the presence of a methoxy oxygen
coordinating to aluminum salen.
The depolymerisation was carried out at 70 ◦C and 110 ◦C due to the poor
143
solubility of polymer 4. The studies showed depolymerisation to occur in the rst
10 minutes with polymer 3 achieving 100 % depolymerisation selectively back to its
cyclic monomer.
It was clear that electronic eects of the meta-substituent inuenced the poly-
merisation and depolymerisation behaviour, however solubility was a key limiting
factor. A balance between solubility and electronics was achieved with monomer
3 and polymer 3 where a novel aromatic-aliphatic polyester with the ability to
degrade in a closed loop fashion was synthesised. The electronic eects of the
meta-substituent on the thermal properties of the resultant polyesters was also in-
vestigated through DSC and TGA.
P2HEB, of molecular weight 11,000 g mol−1, displayed similar thermal transitions
to that of poly(ethylene phthalate) (Tg's of 38.2 ◦C) with a Tg at 26.5 ◦C and
a Tm at 60.8 ◦C. Increasing the molecular weight of P2HEB to 80,000 g mol−1
increased the Tg to 38.7 ◦C and the Tm to 77.2 ◦C. The second DSC heating scans
of P2HEB displayed only a Tg demonstrating poor crystallisation ability, which was
more prominent at higher molecular weights.
Polymers 1, 2 and 3 also showed poor crystallisation ability with Tg's of 42.5 ◦C,
29.7 ◦C and 39.4 ◦C and Tm's of 65.8 ◦C, 108.5 ◦C and 130.6 ◦C respectively. Polymer
4 exhibited a Tcc at 136.4 ◦C, indicating crystallisation in the polymer matrix.
Polymer 4, with the largest electronic substituent parameter, had the highest Tg at
60.7 ◦C and Tm at 182.6 ◦C.
An increase in the electronic substituent parameter led to an increase in melting
points and activation energies (calculated through the Kissinger equation using their
thermal stability from TGA), with polymer 4 showing a glass transition close to that
of PET (Tg's of 69 ◦C).
The crystallinity of the aromatic-aliphatic polyesters were investigated through
WAXD. Polymers 1 to 4 and P2HEB displayed a tetragonal symmetry with varying
unit cell parameters according to the size of the meta-substituent. Polymers 1 to
3 and P2HEB displayed characteristic π-π stacking, with polymer 1 and 3 having
more than one unit cell parameter. Polymer 4, on the other hand, displayed no long
144
range or short range order. The stability of the crystalline domains, probed via high
temperature WAXD, were in agreement with the melting points observed by DSC.
P2HEB was copolymerised with PlLA in the attempt to tune the thermal and
mechanical properties of PlLA and increase its application range. A P2HEB-PlLA
diblock copolymer 1 and a P2HEB-PlLA-P2HEB triblock copolymer 2 were suc-
cessfully synthesised through sequential ROP of l-lactide and 2,3-DHB using mono-
and bi-functional initiators.
The incorporation of P2HEB into PlLA decreased the Tg from 55 ◦C to 42.3
◦C for the diblock copolymer 1 and to 41.9 ◦C for the triblock copolymer 2. The
crystallisation ability and thermal stability of PlLA also decreased. However, no
eect was observed in the crystallinity of PlLA, with WAXD showing only lattice
planes corresponding to PlLA and AFM revealing nano-phase separation of the
copolymers.
The eect of P2HEB on the mechanical properties of PlLA was investigated
using DMA. Neat P2HEB displayed a storage modulus of 1050 MPa and a glassy
rigid behaviour below its Tg. The storage modulus increased upon copolymerisation
with PlLA to 1178 MPa for the diblock copolymer 1 and to 1087 MPa for the
triblock copolymer 2. The incorporation of P2HEB led to an increase in the strain
at break of the copolymer compared to neat PlLA thus showing the potential to
improve the brittleness of PlLA.
The use of PlLA in food packaging is limited due to the absence of UV-vis
absorption. Introduction of P2HEB led to almost 100 % UV-A and UV-B absorbance
with 75 % optical transparency.
To ensure PlLA was still biodegradable, the copolymers were tested via en-
zymatic and catalytic degradation. The copolymers exhibited slower degradation
compared to that of their respective homopolymers due to the competing transes-
terication of the PlLA blocks.
PlLA was also blended with polymers 1 to 4 and P2HEB. However, the blends
displayed macro-phase separation with SEM, indicating immiscibility. This was
conrmed with DSC and TGA with two Tg's and a two-step degradation process.
145
The advantages of copolymerisation over blending for tuning thermal and me-
chanical properties of polymers was highlighted with the potential to exploit the
characteristic thermal, mechanical and depolymerisation behaviours of P2HEB.
Polymerisation and thermal behaviour of these novel semi-crystalline aromatic-
aliphatic polyesters can be tuned through manipulation of the electronic substituent
parameter of the meta-substituent whilst maintaining a closed loop with selective
degradation to their cyclic monomers. The characteristic thermal properties and
selective depolymerisation of synthesised polyesters give them the potential to be
functionalised further, in addition to copolymerisation, thus expanding the scope of
monomers and polymers available to replace commodity plastics.
5.1 Future Work
The characteristic thermal properties and selective depolymerisation of synthesised
novel aromatic-aliphatic polyesters give them the potential to be functionalised fur-
ther, thus expanding the scope of monomers and polymers available to replace com-
modity plastics.
The ROP of monomers 1 to 4 can be further manipulated to achieve block
copolymers with PlLA. The block copolymers have the potential to exhibit inter-
esting and complex morphologies due to the poor solubilities of polymers 1 to 4
in organic solvents. The ROP of the second block, being insoluble in the solvent,
results in the formation of a block copolymer that has the ability to self-assemble.
This is known as polymerisation-induced self-assembly (PISA) and can lead to var-
ious morphologies such as spheres, rods, bers and vesicles depending on the length
of the second block.
In addition to PISA, higher molecular weights of polymers 1 to 4 could be
targeted through further optimisation of polymerisation conditions to be able to
directly measure the storage modulus of the homopolymers, similar to the studies
done on P2HEB.
Through copolymerisation and tuning of the kinetics, these novel aromatic-
aliphatic polyesters show great promise in applications ranging from packaging to
146




6.1 General considerations and materials
ROP of the cyclic monomers was carried out under a nitrogen atmosphere in a Vigor
glovebox equipped with a -35 ◦C freezer and [H2O] and [O2] detectors. Dispersities
were determined using GPC in THF at a ow rate of 1 mL min−1 at 35 ◦C on a
Malvern Instruments Viscotek 270 GPC Max triple detection system with 2 x mixed
bed styrene/DVB columns (300 Ö 7.5 mm). Molecular weights were also determined
by 1H NMR spectroscopy by integration of polymer vs initiator resonances on a
Bruker Asance 500 MHz spectrometer. Benzyl alcohol (BnOH) and 1,3-propanediol,
in addition to DMF, were dried for 24 hours under reux with calcium hydride and
distilled, or ltered in the case of DMF, under an inert atmosphere. Toluene, THF
and DMF were collected from an Innovative Technologies solvent purication system
consisting of columns of alumina and copper catalysts. Toluene, THF, BnOH and
1,3-propanediol were degassed via three freeze-pump-thaw cycles prior to use. 2,3-
DHB was recrystallised three times from ethyl acetate: hexanes (50:50) prior to it
being dried under vacuum and sublimed at 60 ◦C for 18 hours.113
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6.2 MeAl[salen]
6.2.1 Synthesis of 2,4-di-tert-butylsalicylaldehyde
SnCl4 (5.20 g, 19.97 mmol) was dissolved in toluene (342 mL) in a Schlenk ask
and transferred to another Schlenk ask with predried 2,4-ditert-butylphenol (41.23
g, 0.20 mol) via a canula. NEt3 (11.15 mL) was added dropwise via a canula needle
under nitrogen and the reaction was left to stir for one hour at room temperature.
Paraformaldehyde (19.82 g, 0.66 mol) was rapidly added to the reaction and was
heated to 100 ◦C and left to stir for 16 hours. The solution was cooled to room
temperature and diluted with distilled water (500 mL). The solution was adjusted
to pH 2 via conc. HCl and extracted three times with diethyl ether. The combined
organic extracts were dried over MgSO4 and ltered. The solvent was removed under
vacuum to yield 39.76 g (96.4 %) of a yellow solid. 1H NMR (500 MHz, CDCl3) δ
9.88 (s, 1H, HOC6H2[C(CH3)3]2CHO), 7.62 (d, 1H, HOC6H2[C(CH3)3]2CHO), 7.36
(d, 1H, HOC6H2[C(CH3)3]2CHO), 1.45 (s, 9H, HOC6H2[C(H3)3]2CHO), 1.35 (s, 9H,
HOC6H2[C(CH3)3]2CHO).
6.2.2 Synthesis of salen
2,4-ditert-butylsalicylaldehyde (21.47 g, 0.1 mol) was dissolved in methanol (600
mL) to which 1,3-diaminopropane (3.83 mL, 0.046 mol) was added dropwise. The
reaction was stirred for three hours under reux at 70 ◦C prior to stirring at
room temperature for 16 hours. The precipitate was ltered and dried to yield
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20.3 g (87.1 %) of a yellow solid. 1H NMR (500 MHz, CDCl3) δ 8.39 (d, 2H,
HOC6H2[C(CH3)3]2CH2N(CH2)3N), 7.39 (d, 2H, HOC6H2[C(CH3)3]2CH2N(CH2)3N),
7.09 (d, 2H, HOC6H2[C(CH3)3]2 CH2N(CH2)3N), 3.71 (td, 1.2 Hz, 2H, HOC6H2[C(CH3)3]2
CH2N(CH2)3N), 2.13 (m, HOC6H2[C(CH3)3]2 CH2 N(CH2)3N), 1.46 (s, 2H, HOC6H2
[C(CH3)3]2CH2N(CH2)3N), 1.31 (s, 2H, HOC6H2[C(CH3)3]2CH2N(CH2)3N). 13C
NMR (126 MHz, CDCl3) δ 166.48 (HOC6H2[C(CH3)3]2CH2N(CH2)3N), 158.1 (HOC6H2
[C(CH3)3]2CH2N(CH2)3N), 140.05 (HOC6H2[C(CH3)3]2CH2N(CH2)3N), 136.70 (HOC6H2
[C(CH3)3]2CH2N(CH2)3N), 126.89 (HOC6H2[C(CH3)3]2CH2N(CH2)3N), 125.84 (HOC6H2
[C(CH3)3]2CH2N(CH2)3N), 117.86 (HOC6H2[C(CH3)3]2CH2N(CH2)3N), 56.76 (HOC6H2
[C(CH3)3]2CH2N(CH2)3N), 35.05 (HOC6H2[C(CH3)3]2CH2N(CH2)3N), 34.14 (HOC6H2
[C(CH3)3]2CH2N(CH2)3N), 31.72 (HOC6H2[C(CH3)3]2CH2N(CH2)3N) 31.62 (HOC6H2
[C(CH3)3]2CH2N(CH2)3N), 29.44 (HOC6H2[C(CH3)3]2CH2N(CH2)3N).
6.2.3 Synthesis of MeAl[salen]
Trimethyl aluminium (7.59 mL, 15.2 mmol) was added dropwise to a Schlenk
ask contaning salen (7 g, 13.8 mmol) and anhydrous toluene (0.5 mL) under nitro-
gen and was stirred for 16 hours at 110 ◦C. The reaction was concentrated under vac-
uum and washed three times with anhydrous hexane via a canula and canula lter.
The remaining solid was dried under vacuum for four hours to yield 2.5 g (26.5 %)
of a pale yellow solid. The reaction was carried out under anhydrous conditions. 1H
NMR (500 MHz, C6D6) δ 7.73 (d, 2H, OC6H2[C(CH3)3]2CH2N(CH2)3NAlCH3), 7.38
(s, 2H, OC6H2[C(CH3)3]2CH2N(CH2)3NAlCH3), 6.90 (d, 2H, OC6H2[C(CH3)3]2CH2
N(CH2)3NAlCH3), 3.06 (m, 2H, OC6H2[C(CH3)3]2CH2N(CH2)3NAlCH3), 2.77 (m,
2H, OC6H2[C(CH3)3]2 CH2N(CH2)3NAlCH3), 1.79 (s, 18H, OC6H2[C(CH3)3]2 CH2
N(CH2)3NAlCH3), 1.38 (s, 18H, OC6H2[C(CH3)3]2 CH2N(CH2)3NAlCH3), -0.34
(OC6H2[C(CH3)3]2 CH2N(CH2)3NAlCH3). 13C NMR (126 MHz, CDCl3) δ 163.88
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(OC6H2[C(CH3)3]2 CH2 N(CH2)3NAlCH3), 140.92 (OC6H2[C(CH3)3]2 CH2 N(CH2)3
NAlCH3), 137.15 (OC6H2[C(CH3)3]2 CH2 N(CH2)3NAlCH3), 130.04 (OC6H2[C(CH3)3]2
CH2 N(CH2)3NAlCH3), 126.99 (OC6H2 [C(CH3)3]2 CH2 N(CH2)3NAlCH3), 118.71
(OC6H2 [C(CH3)3]2 CH2 N(CH2)3NAlCH3), 54.83 (OC6H2 [C(CH3)3]2 CH2 N(CH2)3
NAlCH3), 35.55 (OC6H2[C(CH3)3]2 CH2 N(CH2)3 NAlCH3), 33.81 (OC6H2[C(CH3)3]2
CH2 N(CH2)3 NAlCH3), 31.64 (OC6H2[C(CH3)3]2 CH2 N(CH2)3 NAlCH3), 31.50
(OC6H2 [C(CH3)3]2 CH2 N(CH2)3 NAlCH3), 29.77 (OC6H2[C(CH3)3]2 CH2 N(CH2)3NAlCH3),
1.07 (OC6H2 [C(CH3)3]2 CH2 N(CH2)3NAlCH3).
6.3 Synthesis of thiazolium catalyst
Following a modied literature procedure,124,216 a solution of 4,5-dimethylthiazole
(1.1 mL, 10 mmol) and acetonitrile (5 mL) was treated dropwise with benzylbromide
(1.19 mL, 10 mmol) at room temperature. The reaction was stirred for four hours
under reux at 85 ◦C prior to cooling back to room temperature. The solution was
allowed to crystallise in the freezer for 48 hours. The crystals were puried through
recrystalliation using ethyl acetate to aord 2.4 g (84.8 %) of an o white powder.
m.p = 166 ◦C - 168 ◦C, m/z = 283.00. 1H NMR (500 MHz, d6-DMSO) δ 10.10 (s,
1H, SCHN), 7.44 (m, 3H, ArH), 7.31 (m, 2H, ArH) , 5.77 (s, 2H, NCH2Ar), 2.49
(d, 3H, NCCH3), 2.31 (d, 3H, SCCH3). 13C NMR (126 MHz, 6-DMSO) δ 156.27




6.4.1 Synthesis of 2-bromo-2-phenylethanol
Styrene oxide (1.46 mL, 0.013 mol) and hydrobromic acid (33 mL, 0.60 mol, 48
% aq. solution) were dissolved in chloroform (33 mL) and stirred for 30 minutes
at room temperature. The biphasic mixture was diluted with distilled water (400
mL) and extracted three times with DCM (200 mL). The combined organic ex-
tracts were over MgSO4 and ltered. The solvent was removed under vacuum to
yield a yellow oil which which was purifed via column chromatography using a
gradient petroleum ether and DCM eluent system followed by distillation at 110
◦C to yield 0.402 g (15.6 %) of the product. 1H NMR (500 MHz, CDCl3) δ 7.33
(tdd, 5H, C6H5CHBrCH2OH), 5.11 - 5.05 (m, 1H, C6H5CHBrCH2OH), 4.13 - 4.03
(m, 1H, C6H5CHBrCH2OH), 4.01 - 3.93 (m, 1H, C6H5CHBrCH2OH), 2.04 (s, 1H,
C6H5CHBrCH2OH). 13C NMR (126 MHz, CDCl3) δ 138.26 (C6H5CHBrCH2OH),
129.03 (C6H5CHBrCH2OH), 128.93 (C6H5CHBrCH2OH), 127.95 (C6H5CHBrCH2OH),
67.58 (C6H5CHBrCH2OH), 57.02 (C6H5CHBrCH2OH).
6.4.2 Synthesis of α-phenyl-β-propiolactone via a palladium
catalyst
Pd[(PPh3)2Cl2] (23.0 mg, 0.03 mmol), 2-bromo-2-phenylethanol (402.0 mg, 2.00
mmol) and K2CO3 (276.4 mg, 2.00 mmol) were added to a Parr reactor and dissolved
in DMF (20 mL). One drop of hydrazine was carefully added to the solution prior
to lling the Parr reactor with carbon monoxide (100 bar). The reaction was stirred
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for 24 hours at room temperature. The reaction was diluted with diethyl ether
and extracted three times with distilled water. The combined organic layers were
dried with MgSO4 and ltered. The solvent was removed under vacuum to yield a
dark brown oil (21.4 %). The crude was subjected to ash chromatography using
dichloromethane to yield 14 mg (4.7%) of a yellow oil. 1H NMR (500 MHz, CDCl3)
δ 7.49 - 7.39 (m, 5H, C6H5CHCOOCH2), 5.67 (t, 1H, C6H5CHCOOCH2), 4.82 -
4.77 (m, 1H, C6sH5CHCOOCH2), 4.35 (dd, 7.8 Hz, 1H, C6H5CHCOOCH2). 13C
NMR (126 MHz, CDCl3) δ 162.53 (C6H5CHCOOCH2), 128.58 (C6H5CHCOOCH2),
128.19 (C6H5CHCOOCH2), 125.50 (C6H5CHCOOCH2), 71.19 (C6H5CHCOOCH2),
36.47 (C6H5CHCOOCH2).
6.4.3 Synthesis of α-phenyl-β-propiolactone via a rhodium
catalyst
Styrene oxide (1 g, 8.33 mmol), RhCl(CO)(PPh3)2 (0.12 g 0.17 mmol), and
methanol (0.56 mL) were added to a Parr reactor. The Parr reactor was lled with
carbon monoxide (27 bar) and stirred for 24 hours are room temperature. Crude
1H NMR spectrum showed the presence of unreacted sytrene oxide.
6.5 ROP of α-phenyl-β-propiolactone
6.5.1 ROP using MeAl[salen]
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α-phenyl-β-propiolactone (14.0 mg, 0.09 mmol), BnOH (0.2 µL, 1.873 µL), and
MeAl[salen] were dissolved in toluene (1 mL) in an ampoule. The reaction was
stirred for 24 hours at 85 ◦C . Crude 1H NMR spectrum showed presence of unre-
acted α-phenyl-β-propiolactone.
6.5.2 ROP using TBD
Triazabicyclodecene (TBD) (20 mg, 0.14 mmol) was dissolved in DCM (3 mL)
to make a stock solution. Two sets of reactions were attempted where α-phenyl-β-
propiolactone (13.0 mg, 0.09 mmol), BnOH (0.19 µL, 0.0018 mmol), and TBD (39 µL
from stock solution, 0.0018 mmol) were dissolved in DCM (1 mL) in two ampoules.
The rst reaction was stirred for 3 hours and the second was stirred for 24 hours.
Crude 1H NMR spectrum showed presence of unreacted α-phenyl-β-propiolactone.
6.6 Synthesis of 2-(2-hydroxyethoxy)-5-R-benzaldehyde
NaOH (0.4 g, 10 mmol) was dissolved in 10 mL of distilled water. The respective
salicylaldehyde (10 mmol) was added to this stirring solution over a period of 15
minutes. 2-Chloroethanol (10 mmol, 0.81g) was added dropwise and the solution was
heated to 98 ◦C. The reaction was left to stir under reux overnight. The solvent was
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removed under vacuum at 50 ◦C to yield a dark brown oil. 2-(2-hydroxyethoxy)-5-R-
benzaldehyde was aorded through purication via column chromatography using
a 5:1 petroleum ether:ethyl acetate eluent system.
6.6.1 2-(2-hydroxyethoxy)-5-methyl-benzaldehyde
: 1.27 g, 93.4 %, Rf = 0.20, m.p. = 52 ◦C - 56 ◦C, m/z = 180.08. 1H NMR (500 MHz,
CDCl3) δ 10.42 (s, 1H, CHO), 7.62 (dd, 1H, ArH), 7.35 (m, 1H ArH), 6.91 (d, 1H,
ArH), 4.19 (m, 2H, PhOCH2CH2OH), 4.02 (q, 2H, PhOCH2CH2OH), 2.33 (d, 3H,
ArCH3). 13C NMR (126 MHz, CDCl3) δ 190.05 (CHO), 158.68, 136.72, 130.94,
129.82, 125.05, 113.35 (Ar), 70.50 (PhOCH2CH2OH), 61.45 (PhOCH2CH2OH),
20.43 (ArCH3).
6.6.2 2-(2-hydroxyethoxy)-5-methoxy-benzaldehyde
: 1.33g, 87.5 %, Rf = 0.13, m.p. = 66 ◦C - 70 ◦C, m/z = 196.07. 1H NMR (500 MHz,
CDCl3) δ 10.43 (s, 1H, CHO), 7.31 (d, 1H, ArH), 7.12 (dd, 1H ArH), 6.97 (d, 1H,
ArH), 4.17 (m, 2H, PhOCH2CH2OH), 4.01 (q, 2H, PhOCH2CH2OH), 3.81 (s, 3H,
ArOCH3). 13C NMR (126 MHz, CDCl3) δ 189.62 (CHO), 155.75, 154.20, 125.63,
123.53, 115.25, 111.40 (Ar), 71.13 (PhOCH2CH2OH), 61.50 (PhOCH2CH2OH),
55.97 (ArOCH3).
6.6.3 2-(2-hydroxyethoxy)-5-uoro-benzaldehyde
: 1.68 g, 88.4 %, Rf = 0.19, m.p. = 64 ◦C - 68 ◦C, m/z = 184.05. 1H NMR (500
MHz, CDCl3) δ 10.41 (d, 1H, CHO), 7.49 (dd, 1H, ArH), 7.25 (ddd, 1H ArH), 6.98
(dd, 1H, ArH), 4.19 (m, 2H, PhOCH2CH2OH), 4.02 (q, 2H, PhOCH2CH2OH). 13C
NMR (126 MHz, CDCl3) δ 188.85 (CHO), 158.23, 157.36, 156.31, 126.00, 122.71,
114.90 (Ar), 71.02 (PhOCH2CH2OH), 61.31 (PhOCH2CH2OH).
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6.6.4 2-(2-hydroxyethoxy)-5-bromo-benzaldehyde
: 1.78g, 88.6 %, Rf = 0.12, m.p. = 72 ◦C - 74 ◦C, m/z = 243.97. 1H NMR (500
MHz, d6-DMSO) δ 10.37 (s, 1H, CHO), 7.80 (dd, 1H, ArH), 7.73 (d, 1H ArH),
7.24 (dd, 1H, ArH), 4.97 (t, 1H, PhOCH2CH2OH), 4.16 (m, 2H, PhOCH2CH2OH),
3.76 (td, 2H, PhOCH2CH2OH). 13C NMR (126 MHz, d6-DMSO) δ 188.62 (CHO),
160.30, 138.41, 129.41, 125.91, 116.63, 112.42 (Ar), 71.05 (PhOCH2CH2OH), 59.35
(PhOCH2CH2OH).
6.6.5 2-(2-hydroxyethoxy)-5-nitro-benzaldehyde
: 1.15g, 46.6 %, Rf = 0.07, m.p. = 77 ◦C - 80 ◦C, m/z = 211.05. 1H NMR (500
MHz, CDCl3) δ 10.48 (s, 1H, CHO), 8.16 (d, 1H, ArH), 7.35 (d, 1H ArH), 7.19
(dd, 1H, ArH), 4.23 (m, 1H, PhOCH2CH2OH), 4.04 (m, 2H, PhOCH2CH2OH). 13C
NMR (126 MHz, CDCl3) δ 188.80 (CHO), 163.51, 142.95, 134.69, 127.72, 119.46,
114.24 (Ar), 70.84 (PhOCH2CH2OH), 61.36 (PhOCH2CH2OH).
6.7 Synthesis of 2-hydroxy-4-triuoromethyl-benzaldehyde
via ortho-formylation
Following a modied literature procedure,125 4-triuoromethylphenol (15 g, 0.093
mol), magnesium dichloride (13.21 g, 0.14 mol) and NEt3 (45.1 mL, 0.32 mol) were
dissolved in acetonitrile (500 mL). Paraformaldehyde (16.66 g, 0.55 mol) was added
to the solution and the reaction was stirred under reux at 85 ◦C for 24 hours.
The reaction was cooled to room temperature prior to adding dilute HCl (50 mL).
The mixture was extracted three times with diethyl ether (100 mL) and the organic
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layers dried over MgSO4. The crude 1H NMR spectrum showed no sign of product
formation.
6.8 Synthesis of 2-hydroxy-4-cyano-benzaldehyde us-
ing the Du reaction
Following a modied literature procedure,131 anhydrous hexamethylenetetramine
(17.65 g, 0.13 mol) was added to a solution of 4-cyanophenol (15 g, 0.13 mol) and
triuoroacetic acid (200 mL) under nitrogen and room temperature. The reaction
was heated to 110 ◦C for three hours and then cooled to room temperature. HCl
(50 mL, 6 M) was added over one hour prior to extraction with dichloromethane
(three times 200 mL) and drying the organic layers over MgSO4. The crude 1H
NMR spectrum showed no sign of product formation.
6.9 Synthesis of 2-hydroxy-4-triuoromethyl-benzaldehyde
using the Du reaction
Following a modied literature procedure,131 anhydrous hexamethylenetetramine
(12.97 g, 0.093 mol) was added to a solution of 4-triuoromethylphenol (15 g, 0.093
mol) and triuoroacetic acid (200 mL) under nitrogen and room temperature. The
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reaction was heated to 110 ◦C for three hours and then cooled to room temperature.
HCl (50 mL, 6 M) was added over one hour prior to extraction with dichloromethane
(three times 200 mL) and drying the organic layers over MgSO4. The crude 1H NMR
spectrum showed no sign of product formation.
6.10 Synthesis of Monomers 1 to 4
2-(2-hydroxyethoxy)-5-R-benzaldehyde (5 mmol) was dissolved in THF (4 mL)
in an ampoule under a positive ow of nitrogen and stirred for 5 minutes at room
temperature. Azobenzene (7.5 mmol, 1.37 g), 3-benzyl-4,5-dimethyl thiazolium bro-
mide (0.25 mmol, 0.071 g), and triethyl amine (0.4 mmol, 0.056 mL) were added to
the stirring solution under nitrogen and the reaction was left to stir for 20 hours at
80 ◦C. Upon cooling to room temperature, the solvent was removed under vacuum to
yield a bright orange oil. The monomers were aorded through purication via col-
umn chromatography using a gradient eluent system starting with 5:1 hexanes:ethyl
acetate.
6.10.1 Monomer 1
: 0.78 g, 87.6 %, Rf = 0.38, m.p. = 62 ◦C - 64 ◦C, m/z = 178.06. 1H NMR (500
MHz, CDCl3) δ 7.67 (dd, 1H, ArH), 7.30 (ddd, 1H ArH), 6.91 (d, 1H, ArH), 4.46
(m, 4H, C(O)OCH2CH2O), 2.33 (d, 3H, ArCH3). 13C NMR (126 MHz, CDCl3)
δ 169.46 (C(O)OR), 135.91, 133.28, 132.46, 120.90, 119.26, 112.57 (Ar), 70.79
(C(O)OCH2CH2O), 65.49 (C(O)OCH2CH2O), 20.29 (ArCH3).
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6.10.2 Monomer 2
: 0.89 g, 91.8 %, Rf = 0.29, m.p. = 58 ◦C - 60 ◦C, m/z = 194.06. 1H NMR (500 MHz,
CDCl3) δ 7.30 (d, 1H, ArH), 7.07 (dd, 1H ArH), 6.95 (d, 1H, ArH), 4.44 (s, 4H,
C(O)OCH2CH2O), 3.81 (s, 3H, ArOCH3). 13C NMR (126 MHz, CDCl3) δ 169.35
(C(O)OR), 155.30, 148.60, 122.73, 120.84, 115.22 (Ar), 70.96 (C(O)OCH2CH2O),
65.55 (C(O)OCH2CH2O), 55.99 (ArOCH3).
6.10.3 Monomer 3
: 0.87 g, 95.5 %, Rf = 0.37, m.p. = 74 ◦C - 78 ◦C, m/z = 182.04. 1H NMR (500
MHz, CDCl3) δ 7.57 (dd, 1H, ArH), 7.22 (ddd, 1H ArH), 7.00 (dd, 1H, ArH),
4.49 (m, 4H, C(O)OCH2CH2O). 13C NMR (126 MHz, CDCl3) δ 167.74 (C(O)OR),
158.69, 156.75, 150.71, 122.68, 122.26, 118.74 (Ar), 70.79 (C(O)OCH2CH2O), 65.42
(C(O)OCH2CH2O).
6.10.4 Monomer 4
: 0.56 g, 46.5 %, Rf = 0.35, m.p. = 96 ◦C - 100 ◦C, m/z = 241.96. 1H NMR
(500 MHz, CDCl3) δ 8.03 (d, 1H, ArH), 7.57 (dd, 1H ArH), 6.91 (d, 1H, ArH),
4.51 (m, 4H, C(O)OCH2CH2O). 13C NMR (126 MHz, CDCl3) δ 167.72 (C(O)OR),
154.09, 137.99, 136.17, 123.06, 120.57, 115.06 (Ar), 71.07 (C(O)OCH2CH2O), 65.78
(C(O)OCH2CH2O).
6.11 Synthesis of P2HEB
Following a modied literature procedure,113 2,3-DHB (1.05 g, 6.38 mmol),
MeAl[salen] (42.9 mg, 0.09 mmol) and BnOH (9.4 µL, 0.09 mmol) were dissolved
in toluene (0.3 mL) in an ampoule. The mixture was heated at 60 ◦C for six hours.
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The polymerisation was quenched with 10 % dichloromethane in methanol (0.5 mL)
and precipitated in cold methanol to aord an o-white solid. 1H NMR (500 MHz,
CDCl3) δ 7.72 (dd, 1H, ArH), 7.35 (dd, 1H ArH), 6.946.86 (m, 2H, ArH), 5.29
(s, 2H, PhCH2O) 4.55 (t, 2H, C(O)OCH2CH2O), 4.25 (t, 2H, C(O)OCH2CH2O).
13C NMR (126 MHz, CDCl3) δ 166.10 (C(O)OR), 158.56, 133.67, 131.87, 120.96,
120.81, 114.18 (Ar), 67.37 (C(O)OCH2CH2O), 62.97 (C(O)OCH2CH2O).
6.12 Synthesis of Polymers 1 to 4
Following a modied literature procedure,113,136 the respective monomer (2.74
mmol), MeAl[salen] (9.8 mg, 0.018 mmol), BnOH (1.8 µL, 0.018 mmol) and toluene
(0.1 - 0.3 mL) were added to an ampoule with a stirrer bar. The reaction was
heated at 60 ◦C for six hours. The polymerisation was quenched with 1 mL of a 5 %
methanol in dichloromethane solution and precipitated in cold methanol to aord
an o-white solid.
6.12.1 Polymer 1
: 1H NMR (500 MHz, CDCl3) δ 7.53 (d, 1H, ArH), 7.15 (dd, 1H ArH), 6.83 (dd,
1H, ArH), 5.28 (s, 2H, PhCH2O), 4.54 (t, 2H, C(O)OCH2CH2O), 4.25 (dt, 2H,
C(O)OCH2CH2O), 2.22 (s, 3H, ArCH3). 13C NMR (126 MHz, CDCl3) δ 166.35
(C(O)OR), 156.12, 134.46, 132.42, 130.75, 120.91, 115.03 (Ar), 68.03 (C(O)OCH2CH2O),
63.39 (C(O)OCH2CH2O), 20.65 (ArCH3).
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6.12.2 Polymer 2
: 1H NMR (500 MHz, CDCl3) δ 7.28 (d, 1H, ArH), 6.92 (dd, 1H ArH), 6.89
(d, 1H, ArH), 5.28 (s, 2H, PhCH2O), 4.53 (t, 2H, C(O)OCH2CH2O), 4.23 (t,
2H, C(O)OCH2CH2O), 3.71 (s, 3H, ArOCH3). 13C NMR (126 MHz, CDCl3)
δ 165.98 (C(O)OR), 154.17, 152.84, 122.14, 119.93, 117.54, 116.36 (Ar), 69.10
(C(O)OCH2CH2O), 63.71 (C(O)OCH2CH2O), 56.16 (ArOCH3).
6.12.3 Polymer 3
: 1H NMR (500 MHz, CDCl3) δ 7.46 (dd, 1H, ArH), 7.08 (m, 1H ArH), 6.90
(dd, 1H, ArH), 5.29 (s, 2H, PhCH2O), 4.56 (t, 2H, C(O)OCH2CH2O), 4.25 (t,
2H, C(O)OCH2CH2O). 13C NMR (126 MHz, CDCl3) δ 164.40 (C(O)OR), 155.66,
154.48, 121.68, 120.14, 118.17, 116.28 (Ar), 68.18 (C(O)OCH2CH2O), 63.28 (C(O)OCH2CH2O).
6.12.4 Polymer 4
: 1H NMR (500 MHz, CDCl3) δ 7.83 (m, 1H, ArH), 7.45 (dq, 1H ArH), 6.79
(d, 1H, ArH), 5.29 (s, 2H, PhCH2O), 4.56 (t, 2H, C(O)OCH2CH2O), 4.25 (t,
2H, C(O)OCH2CH2O). 13C NMR (126 MHz, CDCl3) δ 163.90 (C(O)OR), 157.06,
136.27, 134.33, 126.29, 115.92 113.02 (Ar), 67.50 (C(O)OCH2CH2O), 63.09 (C(O)OCH2CH2O).
6.13 Synthesis of BnOH-initiated PLLA
L-Lactide (2 g, 13.9 mmol), MeAl[salen] (108.4 mg, 0.2 mmol), and BnOH (20.6
µL, 0.2 mmol) were dissolved in toluene (13.8 mL) in an ampoule. The reaction
was stirred for three hours at 85 ◦C prior to quenching with cold methanol fol-
lowed by precipitation in cold methanol to aord the PLLA as a white solid. 1H
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NMR (500 MHz, CDCl3) δ 5.16 (q, 1H, COOCHCH3), 1.58 (d, 3H, COOCHCH3).
13C NMR (126 MHz, CDCl3) δ 169.50 (COOCHCH3), 68.91 (COOCHCH3), 16.54
(COOCHCH3).
6.14 Synthesis of 1,3-propanediol initiated PLLA
L-Lactide (2.5 g, 17.3 mmol), MeAl[salen] (271.1 mg, 0.5 mmol), and 1,3 propane-
diol (17.8 µL, 0.25 mmol) were dissolved in toluene (17.4 mL) in an ampoule. The
reaction was stirred for three hours at 85 ◦C prior to quenching with cold methanol
followed by precipitation in cold methanol to aord the PLLA as a white solid, 1H
NMR (500 MHz, CDCl3) δ 5.16 (q, 1H, COOCHCH3), 1.58 (d, 3H, COOCHCH3).
13C NMR (126 MHz, CDCl3) δ 169.50 (COOCHCH3), 68.91 (COOCHCH3), 16.53
(COOCHCH3).
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6.15 Synthesis of P2HEB-PLLA diblock copolymer
Homopolymer PLLA (0.3 g, 0.033 mmol), 2,3 DHB (0.38 g, 2.32 mmol), and
MeAl[salen] (18.2 mg, 0.033 mmol) were dissolved in THF (0.3 mL) in an am-
poule. The reaction was stirred for six hours at 66 ◦C prior to quenching with 10 %
dichloromethane in methanol (0.1 mL) followed by precipitation in cold methanol
to aord the diblock copolymer as an o-white solid. 1H NMR (500 MHz, CDCl3)
δ 7.76 (t, 0.11H, ArH), 7.38 (m, 0.11H ArH), 6.93 (m, 0.22H, ArH), 5.16 (q,
1H, C(O)CH(CH3)O), 4.57 (t, 0.22H, C(O)OCH2CH2O), 4.28 (t, 0.22H, C(O)
OCH2CH2O). 13C NMR (126 MHz, CDCl3) δ 169.80 (C(O)CH(CH3)O), 166.10
(C(O)OR), 158.56, 133.67, 131.87, 120.96, 120.81, 114.18 (Ar), 68.86 (C(O)CH(CH3)O),
67.37 (C(O)OCH2CH2O), 62.97 (C(O)OCH2CH2O). 16.60 (C(O)CH(CH3)O).
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6.16 Synthesis of P2HEB-PLLA-P2HEB triblock copoly-
mer
Diol homopolymer PLLA (1.4 g, 0.15 mmol), 2,3 DHB (1.7 g, 10.5 mmol), and
MeAl[salen] (82.01 mg, 0.15 mmol) were dissolved in THF (0.3 mL) in an am-
poule. The reaction was stirred for six hours at 66 ◦C prior to quenching with 10 %
dichloromethane in methanol (0.1 mL) followed by precipitation in cold methanol
to aord the triblock copolymer as an o-white solid. 1H NMR (500 MHz, CDCl3)
δ 7.76 (m, 0.12H, ArH), 7.38 (dd, 0.12H ArH), 6.93 (m, 0.29H, ArH), 5.16 (q,
1H, C(O)CH(CH3)O), 4.57 (m, 0.29H, C(O)OCH2CH2O), 4.28 (m, 0.29H, C(O)
OCH2CH2O). 13C NMR (126 MHz, CDCl3) δ 169.80 (C(O)CH(CH3)O), 166.10
(C(O)OR), 158.56, 133.67, 131.87, 120.96, 120.81, 114.18 (Ar), 68.86 (C(O)CH(CH3)O),
67.37 (C(O)OCH2CH2O), 62.97 (C(O)OCH2CH2O). 16.60 (C(O)CH(CH3)O).
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6.17 Degradation Studies
6.17.1 Preparation of P2HEB polymer lms
P2HEB (0.50 g) of molecular weight 40,000 and 80,000 g mol−1 were dissolved in 6
mL of chloroform and pipetted, avoiding bubble deposition, onto a PTFE plate with
a diameter of 7.4 mm. The PTFE plate was covered with a glass lid and placed on a
balance to allow even evaporation of the solvent to form a lm of 0.1 mm thickness.
6.17.2 Enzymatic degradation of P2HEB
Following a modied literature procedure,16 the respective polymer lms (either 1
cm2 or cut to weigh a maximum of 12 mg) were placed in separate vials consisting
of Tris-HCl buer (5 mL, 50 mM, pH 8.6) and 1 mg of proteinase K. The vials were
placed in an incubator at 37 ◦C on a rotary shaker set to 250 rpm. The study was
carried out over 60 hours, analysing three separate replicates of each lm every 12
hours. Analysis was carried out by removing the lm from the buer solution, rinsing
it with distilled water and drying in vacuum at room temperature over phosphorus
pentoxide until constant mass was obtained. The degradation was analysed by 1H
NMR spectroscopy and GPC.
6.17.3 Catalytic degradation of P2HEB
Polymers 1 to 4 and P2HEB of dierent molecular weights (0.0045 mmol) and
MeAl[salen] (0.0045 mmol) were dissolved in toluene (0.003 M) in an ampoule. The
ampoule was heated to 70 ◦C or 110 ◦C for 6 to 24 hours. Kinetic studied were
perfomed on the Bruker Asance 400 MHz spectrometer in a Youngs tap NMR tube.
6.18 Blend preparation
PLLA/P2HEB blends were prepared via solvent-casting. 100/0, 80/20, 60/40,
50/50, 40/60, 20/80 and 0/100 compositions were dissolved in chloroform at a con-
centration of 10 % (w/w) with vigorous magnetic stirring for 60 min. The resulting
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mixtures were placed onto a PTFE plate and dried at 30 ◦C for 96 h in an oven.
150 µm thick lms were obtained.
6.19 Characterisation
6.19.1 Dierential scanning calorimetry (DSC)
The thermal transitions of the polymers, copolymers and blends were determined
using a Mettler Toledo DSC 822e calorimeter under nitrogen atmosphere (30 mL
min−1). Samples of 7 to 13 mg were sealed in an aluminium pan,heated at a rate
of 10 ◦C min−1 (from -50 ◦C ) and held at temperatures above Tm (for each poly-
mer) for two minutes to remove the previous thermal history. Samples were then
cooled again to -50 ◦C and a subsequent heating scan at 10 ◦C min−1 was applied.
Additionally, when cooling, crystallization treatments were applied to the samples;
non-isothermal crystallization by cooling the polymers and holding them at a crys-
tallisation temperature for 300 min prior to cooling them to -30 °C.
6.19.2 Thermogravimetric analysis (TGA)
Thermal degradation of polymers, copolymers and blends were studied through
thermal gravimetric analysis (TGA METTLER TOLEDO 822e) in alumina pans
under nitrogen atmosphere (20 mL min−1). Samples (8 to 12 mg) were heated from
room temperature up to 500 ◦C at 2, 5, 10 and 20 ◦C min−1.
6.19.3 Dynamic Mechanical Analysis (DMA)
DMA was performed on a DMA/SDTA861 analyser (Mettler- Toledo) in tensile
mode and shear mode. 150 to 200 µm thick samples (4 mm wide and 5.5 mm long)
were obtained through solvent-casting. Curves displaying storage modulus (E') and
the energy loss (tan δ) were recorded as a function of temperature at a heating rate
of 3 ◦C min−1, a frequency of 1 Hz and displacement of or 0.4 % strain.
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6.19.4 UV-Vis spectroscopy (UV-Vis)
UV-Vis absorption spectra were recorded with a Shimadzu MultiSpec-1501 spec-
trophotometer. Total transmittance experiments have been analysed in the range
of 190 to 800 nm with a sampling interval of 1 nm and 25 accumulations. Approxi-
mately 150 µm thick lms were obtained via solvent-casting using chloroform.
6.19.5 Wide angle X-Ray diraction (WAXD)
X-ray powder diraction patterns were measured using a Bruker D8 Advance dirac-
tometer equipped with a Cu tube, Ge(111) incident beam monochromator (λ =
1.5406 Å) (xed slit 1 mm) and a Sol-X energy dispersive detector (xed slit 0.06
mm). The sample was mounted on a zero background silicon wafer embedded in a
generic sample holder. Data were collected from 5 to 50 ◦ 2 θ (step size = 0.02 and
time per step = 100 s, total time 60 h) at RT. A xed divergence and antiscatter-
ing slit (1 ◦) giving a constant volume of sample illumination was used. The high
temperature X-ray patterns of the sample was registered on a Bruker D8 Advance
diractometer operating at 30 kV and 20 mA, equipped with a Cu tube (λ = 1.5418
Å), a Vantec-1 PSD detector, and an Anton Parr HTK2000 high-temperature fur-
nace with a direct sample heating Pt sample holder. The powder patterns were
recorded in 2 θ steps of 0.033 ◦ in the 5 ≤ 2 θ ≤ 38 range. The sample was measured
heating and cooling in the 30 - 250 ◦C range, each 2 ◦C at 10 ◦C min−1.
6.19.6 Morphology
SEM images were obtained via the Hitachi S-4800 eld emission scanning electron
microscope (FE-SEM) at an acceleration voltage of 5 kV. Before characterisation,
cryogenic fractured surfaces were gold-coated (15 nm thick layer) using an Emitech
K550X sputter coater.
AFM images were analysed using a Dimension ICON atomic force microscope
(AFM) from Bruker (Bruker Corporation, Coventry, UK). Experiments were carried
out in tapping mode with an integrated silicon tip/cantilever.
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